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Abstract
With the aim of creating a biodegradable scaffold for tympanic membrane tissue regeneration, core-shell
nanofibers composed of a poly(caprolactone) shell and a poly(ethylene glycol) core were created using a
coaxial electrospinning technique. In order to create fibers with an optimal core-shell morphology, the
effect of relative humidity on the core-shell nanofibers was systematically studied, with a FITC-BSA
complex encapsulated in the core to act as a model protein. The core-shell nanofibers were electrospun
at relative humidity values of 20, 25, 30, and 40% within a glove box with humidity control. The core-shell
morphology of the fibers was studied via the use of scanning electron microscopy, transmission electron
microscopy, and laser scanning confocal microscopy. It was found that humidity does alter the core-shell
morphology by altering the rate at which the fibers dry and that there is an optimal humidity for the coaxial
electrospinning of core-shell fibers. In addition, the fibers were fashioned into a biomimetic scaffold for
TM regeneration using a rotating mandrel to align the nanofibers and to create a dual layer fibrous mat
similar to the structure of native TM collagen fibers.

Keywords
Electrospinning, tissue engineering, coaxial electrospinning, environmental parameters, tympanic
membrane, relative humidity
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Introduction

Extreme disease and injury can cause damage to vital organs and tissues, impairing function and
requiring medical intervention through transplants and drug therapy. Modern medical science
has provided transplant treatments in the form of allografts or autografts, however these pose
challenges in the form of supply and immune rejection [1]. Synthetic prostheses have also been
developed which are able to perform the required task but are unable to fully restore function of
the damaged or lost tissue [1]. Eardrum perforations for example, affect approximately 1-3% of
the American population [2], and can be successfully repaired using surgical techniques.
However, this surgical method is unable to fully restore hearing for affected individuals due to the
limitations posed by currently available graft materials. Given these limitations of traditional
transplant and graft technology, tissue engineering has emerged as an area of research which
aims to regenerate the damaged tissues. This regeneration is achieved through the use of
biomaterials which provide cells with the necessary biological cues to induce cell growth [3]. The
tissue engineering process involves harvesting healthy cells from the patient’s body, expanding
these cells, and culturing them on a 3D porous support structure known as a scaffold [3]. Ideally
the cells adhere to the scaffold, proliferate, and deposit extra-cellular matrix at the same rate at
which the scaffold degrades, resulting in healthy, functional tissue [4].

The tissue engineering scaffold is the structure which supports and guides cell growth, and as
such it is critical to the success of any tissue engineering approach. Much research has gone
into developing an ideal scaffold for many different tissue engineering applications, and several
design criteria have been established [5]. The scaffold should be porous in order to provide
sufficient space for cell adhesion, biocompatible, biodegradable and produce nontoxic byproducts, mechanically strong to withstand physiological stresses that will be placed on it, and
structurally similar to the tissue being replaced.

Fabricating a scaffold which meets these design criteria poses its own challenge, and
electrospinning has emerged as a simple and cost effective production method. Electrospinning
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utilizes a high voltage electric field to draw a polymer solution flowing out of a capillary into solid
nanofibers. A typical electrospinning set-up has a spinneret positioned some distance away from
a collector plate, both of which are electrically conductive. Polymer solution is fed to the
spinneret utilizing a syringe pump and a high voltage power supply is used to apply the
electrostatic field. Through variation of the parameters governing the electrospinning process,
the fiber diameter and morphology can be controlled to a degree. Electrospinning is a highly
versatile process, with a large number of polymers able to be processed into fibers by
electrospinning. Many variations on this process have been developed such as coaxial
electrospinning, which allows for the encapsulation of bioactive molecules within the electrospun
fibers. Coaxial electrospinning provides a feasible method by which materials for drug delivery
and controlled release applications can be readily produced. Scaffolds creating using coaxial
electrospinning are able to allow the controlled release of growth factors required for stimulating
cell migration and proliferation, thereby enhancing the tissue engineering process.

This work aims to investigate the effect of relative humidity on the structure of the fibers created
through the coaxial electrospinning process in order to assess the optimal conditions for coreshell fiber production. There is a distinct lack of research into how environmental parameters
affect the structure of coaxial nanofibers, a structure which is critical to the coaxial nanofibers
performing their intended function. A complete understanding of how all parameters involved in
electrospinning affect the final fiber morphology is critical to success of tissue engineering
approaches which utilize coaxial electrospinning. Using the knowledge gained from the
investigation of the effect of humidity on the core-shell fibers, a biomimetic scaffold was then
fashioned for use in tympanic membrane tissue engineering.

2

2

Background & Literature Review

2.1

Tympanic Membrane

2.1.1

Structure & Function

The mammalian tympanic membrane (TM), or the eardrum, is what separates the outer ear from
the inner ear and is the first step in the transmission of sound vibrations to receptors in the ear. It
transmits the vibrations from the air in the external ear canal to the small bones in the middle ear.
The TM is comprised of two sections, the pars tensa and the pars flaccida. The pars flaccida is a
small section of ear drum tissue which is much more compliant and contains blood vessels, nerve
endings and mast cells [6]. The pars tensa comprises the rest of the eardrum and is tightly
stretched across the ear canal [7]. The pars tensa is composed of three layers: the epidermal
layer which is continuous with the mucosa of the middle ear; lamina propria which is composed
mainly of collagen organized into radial and circumferential fibrous layers; and the mucosal
epithelium [6]. When it comes to the function of the eardrum, it is the lamina propria which is the
layer of interest since the organization of the collagen layers provides it with its mechanical and
acoustic properties [8]. These two layers of organized collagen are stacked one atop the other,
with the upper layer possessing collagen fibers that run circumferentially around the membrane
(Figure 1B), and the lower layer composed of fibers that run radially outward from the malleus
which is located at the center of the membrane (Figure 1A) [8]. This structure is evident in the
study carried out by Kawabata et al. [8] and has also been verified to be present in Wistar rats
(Figure 1). Kuypers et al. [9] studied the thickness of both fresh and preserved human eardrums,
finding that there was no significant difference between the two. However, there was a large
variation in thickness at different points on the TM as well as large variations in thickness
between individuals, with the average thickness varying between 40-120 μm [9].
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Figure 1: A) Radial fiber arrangement viewed from ear canal B) Circumferential fiber arrangement on middle ear
side C) Local perpendicular arrangement

There is a growing interest in researching a suitable artificial scaffold for tissue engineering of the
TM, with a wide variety of synthetic materials being investigated such as collagen [10], [11], silk
fibroin[11]–[13], and chitosan [14]. Since the lamina propria provides the tissue with its acoustic
properties and is critical to its function, this layer is of interest to those investigating tissue
engineering applications, as its structure must be accurately mimicked by any tissue engineering
scaffold.

2.1.2

Perforation & Treatment

Tympanic membrane perforations are holes in the eardrum, caused by trauma or infection. The
total incidence of these perforations is unknown but it is estimated that 1-3% of the American
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population is affected [2]. Severe trauma such as a fractured skull or exposure to high-level
impulsive sound pressure can cause the eardrum to become perforated. As well, acute otitis
media (AOM) is a common childhood infection and can cause eardrum perforation via
inflammation and continuous break down of the collagen structure [7]. The TM is able to
spontaneously heal small perforations via epithelial cell migration [15], and it is estimated that
approximately 80% of perforations heal in this manner [2]. When a perforation fails to heal on its
own within 3 months, it is deemed to be a chronic perforation and surgical intervention is required
[2]. Exactly what causes chronicity in TM perforations is not clear but some hypotheses point to a
lack of structural support, mechanical disruption of the epithelial margin, and bacterial infection
preventing the proliferation and migration of the epithelial cells [2].

Chronic TM perforations are treated via the surgical method known as tympanoplasty or
myringoplasty which aim to heal the perforation, prevent recurring infections and restore hearing
[2]. During this procedure, the damaged membrane is repaired using graft materials taken from a
selection of autologous or homologous tissues. The selection of the correct graft material is
critical in this operation as the selected material should have the same mechanical and acoustic
properties as the TM in order to fully restore hearing. Temporalis fascia, cartilage, AlloDerm™,
and perichondrium are all common graft materials, however they possess their own inherent
limitations. Temporalis fascia, along with other autologous tissues, is associated with donor site
morbidity, additional incisions, and a long operation time [11]. AlloDerm™ is a commercial
alternative to autologous tissues, and is derived from human cadaver donor skin. AlloDerm™ is
ten times thicker than normal TM, making it unable to mimic and restore the complex
microstructure of the TM [11]. A number of xenographic materials have also been investigated
for use in myringoplasty such as porcine small intestinal submucosa, however these graft
materials have the potential to evoke an immune response or rejection [11]. Since the currently
available materials for myringoplasty are not able to restore the originally complex microanatomy
of the eardrum, hearing cannot be fully restored to pre-perforation levels, which has instigated the
investigation of a tissue engineering approach to perforation treatment [16]. Such an approach
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involves the creation of a tissue engineering scaffold from synthetic materials. This scaffold
would be applied to the perforation through a myringoplasty, and the perforation allowed to heal.

2.2

Tissue Egineering

2.2.1

Basic Approach

Tissue engineering (TE) is a complex area of study that draws from the principles of biology,
materials science, and engineering to develop in vivo tissue substitutes which will replace or
repair damaged tissues, restoring full function [17]. In a tissue engineering approach, healthy
cells are first harvested from a donor site and expanded in cell culture. After expansion, the cells
are seeded onto a porous scaffold along with any necessary growth factors and biological
signaling molecules in order to promote cell proliferation throughout the scaffold. The cells are
then allowed to proliferate on the scaffold and transplanted into the patient at the treatment site.
Ideally, as the cells proliferate throughout the scaffold, the scaffold will begin to degrade and be
replaced by cell-generated extra-cellular matrix (ECM) [17]. When the scaffold has fully
degraded, all that should remain is healthy, functioning tissue that is identical to the original. By
using the patient’s own cells, the TE approach has a number of advantages over more traditional
transplant therapies using allografts and xenografts as immune rejection will not occur, and it is
not limited by an inadequate supply of donor tissue.

2.2.2

Scaffolds for Tissue Engineering

The TE scaffold is an artificial 3D porous scaffold which plays a critical role in guiding and
manipulating cell growth and function. The scaffold acts as a temporary ECM, promoting cell
growth and adhesion, and providing mechanical support for the neo-tissue that is being grown.
By nature of its purpose, scaffold design is one of the most important stages in any tissue
engineering approach. The material must be carefully selected so that the rate of degradation
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closely matches the rate of new ECM formation so that cell support is maintained throughout
tissue development.

There are a number of critical design criteria which must be met when creating a TE scaffold.
First, the scaffold must be biocompatible such that neither the scaffold nor its degradation
products are toxic to the surrounding tissues and do not provoke an immune response [1].
Second, the scaffold must be biodegradable and follow reliable degradation kinetics, so that it
may be fully eliminated from the body after a predetermined amount of time [18]. Third, the
scaffold should be highly porous to provide sufficient surface area and space for cell growth,
allow uniform cell distribution throughout the scaffold, as well as efficient transfer of nutrients and
elimination of wastes [1].

Furthermore, the scaffold should be inherently biomimetic, being mechanically and structurally
similar to the tissue it is replacing on a micro- and nanoscale-level so that it may tolerate any
forces acting on it and provide an ideal environment for cell growth. Cellular responses to
micrometer-range topographic features have been well established, affecting cell growth and
proliferation [19]. However, topographic features on the nanoscale-range have also been shown
to elicit cell responses ranging from cell adhesion, orientation, modulation of signaling pathways,
and gene expression [19]. This diverse cell response to microscale- and nanoscale topographies
must be considered when designing a TE scaffold, and the topographies should be controlled to
mimic native tissue, in order to elicit the most appropriate response for tissue engineering.

Lastly, the material chosen to fabricate the scaffold should be easily processed into its desired
shape via a number of scaffold fabrication methods such as electrospinning, solvent-casting, or
gas-foaming [1]. Porous 3D scaffolds have been successfully fabricated using these methods
from biodegradable polymers such as poly(capro-lactone) (PCL) [20], poly(vinyl alcohol) [21], and
poly(glycolic acid) [1]. Scaffolds can also be fabricated from natural polymers such as collagen
and chitosan [1] [22]. Finally, scaffolds can be created through the decellularization of existing
tissues, creating a scaffold composed of natural ECM and that does not need to be processed
into the desired shape [23], [24].
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2.3

Electrospinning

2.3.1

History

Electrospinning is a broadly used technique for fiber formation and utilizes electrostatic forces to
produce polymer fibers ranging from nanometer to micrometer diameter. The phenomenon which
drives electrospinning has been known for over 100 years, and was first observed by Rayleigh in
1897, and studied in more detail by Zeleny in 1914 [25]. However it was not until 1979 that
Taylor would investigate the jet forming process and publish his results, with the first biomedical
applications beginning to be investigated around the same time [26]. By the mid-1990s,
researchers had started to realize the potential of nanofiber production, with electrospinning
taking the lead as the most versatile production method, and in the last decade researchers have
begun to look to electrospinning to fabricate nanofibrous assemblies [27].

2.3.2

Set-Up & Operating Principles

A standard electrospinning set up consists of a number of components, each of which can be
altered to create fibers of a desired morphology. However, a basic set up consists of a syringe
loaded with the desired polymer solution and fitted with a needle, a syringe pump, a grounded
collector plate, and a high voltage power supply [25]. As the polymer solution is pumped through
the needle, a droplet is formed at the tip, held in place by its own surface tension. When voltage
is applied across the needle and collector plate, with the needle being positively charged and the
collector being grounded, a static charge is induced on the surface of the droplet [28]. There
exists a critical voltage, above which the induced static charge overcomes the surface tension of
the droplet, causing it to distort into a conical shape known as a Taylor Cone, and a single jet to
be ejected from the tip of this cone [28]. When this fiber is ejected, it begins to travel the space
between the needle tip and collector electrode, as it travels the solvent evaporates and the jet
undergoes a rapid whipping motion (Figure 2). It was initially believed that the primary jet splits
into multiple filaments that are deposited [29], however it has since been shown that the fiber
undergoes a “whipping” motion which causes it to elongate and decrease in diameter [30].
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Figure 2: Whipping motion and Taylor cone formation at needle tip

The electrospinning equipment can be set-up with either a vertical or horizontal arrangement as
shown in Figure 3. In the vertical set-up the needle is positioned directly above the collector
plate, with gravity and the electrostatic force acting in the same direction. The horizontal set-up
has the needle positioned so that it is facing the collector plate, with the electrostatic force and
gravity working in perpendicular directions. A study by Rodoplu et al [31], indicated that the effect
of the gravitational force is negligible when compared to the electrostatic force being exerted on
the polymer solution, allowing for electrospinning regardless of the setup orientation. However,
they saw that gravity does affect the shape of the droplet at the needle tip, thereby changing the
shape of the Taylor cone, and ultimately altering the fiber diameter [31]. Another study by Yang
et al. investigated the differences between the two orientations and found that the vertical set-up
produces fibers with a smaller average diameter due to the combined effect of gravity and the
electrostatic force causing the fibers to be more elongated [32]. As well, these results showed
that the vertical set-up produced fibers with a much wider range of fiber diameters than that of the
fibers produced with the horizontal set-up [32].
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Figure 3: Vertical and horizontal set-ups for electrospinning

2.3.3

Electrostatically Induced Jets & Bending Instability

As has been stated, the shape of the droplet at the tip of the needle is held by its own surface
tension. As a potential difference is applied, static charge accumulates on this droplet, with the
charge concentrating on the tip of protruding droplet. It is this charge concentration that causes
the droplet to eventually distort and form the conical shape of the Taylor cone [30] [33]. As the
droplet distorts into this conical shape, charge further accumulates at the tip of the cone, which is
what allows a fluid jet to be ejected and deposited as nanofibers [34].

As the jet leaves the Taylor cone and begins to travel from the needle tip to the collector
electrode it is subject to a number of forces which influence the final morphology of the deposited
fibers. When the jet first leaves the Taylor cone, there is still a large amount of solvent present,
meaning the jet is in liquid form. As the tendency of all liquids, surface tension minimizes the
surface area by forming spherical droplets. If the electrostatic charge on the jet is not high
enough the surface tension causes the jet to break up into droplets, an effect known as Rayleigh
instability [35]. One of the advantages electrospinning has over other scaffold creation
techniques is the ability to create scaffolds with a high surface area to volume ratio, meaning that
the scaffold possesses a high porosity. However, when the electrospinning jet experiences
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Rayleigh instability, beaded fibers (Figure 4) are deposited on the collector electrode [36]. The
presence of beads on the final scaffold is less than desirable as they greatly reduce the surface
area to volume ratio of the electrospun scaffold.

Figure 4: Scaffold with a high degree of beading

The ideal electrospinning mode is achieved when the electrostatic force continually exceeds the
effect of surface tension. This results in a liquid jet stream whose diameter steadily decreases as
it approaches the collector electrode and at the same time, the polymer solvent gradually
evaporates, resulting in fully dried fibers being deposited. This is also known as steady state
electrospinning and can be achieved by optimizing the processing parameters in order to reduce
Rayleigh instability.

Regardless of whether or not Rayleigh instability is present and the electrospinning process is
steady state, the electrically charged jet passes through two regions (Figure 5A). In the first
region, the electrically charged jet travels in a straight path from the Taylor cone [37]. At the end
of this straight segment exists a conical diaphanous shape with its vertex at the end of the
straight segment [37]. This cone is the envelope in space of the complex pathway taken by the
jet as it moves from the needle to the collector, also known as “whipping” or bending instability.
Images obtained by Baumgarten show that this jet is continuously bending up until the moment it
is deposited on the collector electrode [38]. The conical shape (Figure 5B) of the jet path
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envelope arises due to the evaporation of solvent and solidification of the polymer fiber. As the
solvent evaporates, the jet becomes more viscous over time which increases the elastic modulus
of the jet, resulting in an increase in the bending stiffness and the radius of the bending loops
[30]. In addition, bending instability causes a reduction in the diameter of the charged jet and
ultimately a reduction in the diameter of the solidified fibers.

Figure 5: Charged jet regions

Hohman et al. [29] identified three different instability modes of the electrospinning jet: (1)
Rayleigh mode, which is dominated by surface tension and electrical effects on the jet are
important; (2) asymmetric conducting mode; and (3) the whipping conducting mode. It is
competition between the asymmetric conducting mode and the whipping conducting mode that is
of greatest importance in the high-applied voltage fields [29]. These two modes are
electrostatically driven and the dominant instability depends on the static charge density of the
electrospinning jet, with the asymmetric mode dominant at low applied voltages, and the whipping
mode dominant at higher applied voltages. The nature of these two conducting modes depends
entirely on the fluid parameters of the jet such as viscosity, dielectric constant, and the
conductivity [29].

While these empirical observations provide a wealth of information about the electrospinning
process, accurate mathematical models would be an incredibly useful tool in the optimization of
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the electrospinning process as opposed to traditional trial and error. A number of attempts have
been made to mathematically model the process by various groups. Cui et al. [39] performed a
regression analysis on empirical data in order to develop a set of equations relating fiber diameter
to solution concentration and polymer molecular weight, Reneker et al. [37] modeled the
viscoelasticity of the electrospinning jet using a linear Maxwell equation, and Hohman et al. [29]
developed a slender-body theory for Newtonian fluids. While these mathematical models are a
step in the right direction, none of them capture the complex interactions between electrospinning
parameters nor do they provide an entirely theoretical model which can predict fiber diameter
based on processing parameters. A combination of these mathematical models and empirical
observations of the process can provide a good starting point for the selection of electrospinning
parameters, but the process still must optimized by semi empirical methods.

2.4

Electrospinning Parameters

As has been discussed, electrospinning is a highly complex process with a large number of
parameters interacting to form nano- or micro-fibers. A number of these parameters have been
designated as “process parameters” as they are associated with the set-up of the electrospinning
equipment. These parameters influence the diameter and morphology of the fibers and in some
cases are critical for electrospinning to even be possible. Process parameters include variables
such as the electric field strength which can be altered by changing the applied voltage between
needle and collector; solution properties such as viscosity, concentration, material, polymer
molecular weight, and conductivity of the solution; as well as the separation between the needle
tip and collector plate, and the solution feed rate. Many of these parameters are highly coupled
and the alteration of one can have dramatic effects on the rest, for example viscosity,
concentration and polymer molecular weight. Some of these parameters can also be altered
through the addition of materials to the solution such as surfactants to decrease surface tension
or ionizing salts to increase conductivity.
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There are a set of parameters which have been designated as “environmental parameters” as
they are associated with the ambient conditions surrounding the electrospinning set-up. These
parameters tend to have an effect on the final morphology of the electrospun fibers by influencing
one of the process parameters. Environmental parameters include variables such as
temperature, relative humidity, vapor diffusivity, solvent vapor pressure, composition of
surrounding atmosphere, and external air flow. Much like the process parameters, the
environmental parameters tend to be coupled as well as being directly connected to many of the
process parameters. For instance, a change in temperature will alter the viscosity of the polymer
solution.

While these parameters all have some effect on the morphology and diameter of the final
electrospun fibers, they do not all have the same degree of influence. Some parameters such as
applied voltage and solution concentration weakly affect the fiber diameter, while others such as
viscosity and needle-collector separation strongly affect fiber diameter. Thompson et al.
[40]systematically investigated the effects of thirteen electrospinning parameters by varying the
values in an electrospinning model, and then ranked the effects of the parameters from strongest
to weakest. Among the parameters with the strongest effects on the jet diameter were the
needle-collector separation, viscosity, and volumetric charge density [40]. Parameters such as
surface tension, polymer concentration, solution density, applied voltage, solvent vapor pressure,
relative humidity, and vapor diffusivity were all determined to have a medium to minor effect on
the diameter of the electrospinning jet [40]. This study did not take into account factors such as
temperature, charge polarity, and external air-flow, all of which can influence the final fiber
morphology by altering the process parameters.

2.4.1

Needle Tip and Collector Electrode Separation

The distance between the needle tip and collector electrode is an easily manipulated parameter
and can be used to greatly affect the diameter and morphology of the electrospun fibers.
Generally speaking, there is an inverse relationship between needle-collector separation and fiber
diameter, with a shorter distance corresponding with larger fibers and a larger distance with
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smaller fibers. This is due to the change in space available for the whipping process to occur,
resulting in a charged jet which undergoes less or more whipping, respectively [40]. However, it
has also been found that there is a minimum separation required in order to give the fibers
sufficient time to dry, as well as distances that are either too short or too large, resulting in a large
degree of bead formation [25], [41], [42].

2.4.2

Applied Voltage

As the sole driving force of the electrospinning process, it would not be too great a leap in logic to
say that the strength of the voltage affects the morphology of the fibers. Initial studies by
Baumgarten [38] indicated that the voltage alters the shape of the Taylor cone; however there is a
consensus that the strength of the applied voltage does not have a strong effect on the fiber
diameter [25]. By increasing the applied voltage, the electric field surrounding the jet is stronger,
which leads to a greater stretching of the polymer solution resulting in a reduction of the final fiber
diameter [25]. However, since the stretching of the polymer depends largely on the viscosity of
the solution, the degree to which applied voltage influences fiber diameter varies greatly with the
material being spun and its concentration.

2.4.3

Solution Feed Rate

The feed rate of the solution being electrospun is another critical parameter as it affects the jet
velocity as well as the rate of material transfer. In general, there is a direct relationship between
fiber diameter and solution feed rate, with a lower feed rate creating fibers with a lower fiber
diameter and vice versa [43]. However, a low feed rate is much more desirable as it allows for
sufficient drying of the jet prior to deposition on the collector and prevents bead formation seen at
higher feed rates [25].

2.4.4

Polymer Molecular Weight

Molecular weight of a polymer has a significant effect on a number of solution properties such as
viscosity, surface tension, conductivity, and dielectric strength, all parameters that have an effect
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on the morphology of electrospun fibers [44]. High molecular weight polymers are preferred for
use in electrospinning as they can provide the desired viscosity for fiber formation [25]. Molecular
weight of the polymer is indicative of the number of chain entanglements when the polymer is in
solution and therefore, the solution viscosity. When the molecular weight of the solution is too
low the process tends towards bead formation, and higher molecular weight solutions form fibers
with a larger average diameter [44]. For instance, Tan et al. [45] electrospun poly(L-lactid-cocaprolactone) (PLLA) with different molecular weights and showed that the low molecular weight
PLLA formed non-uniform fibers with beading, and the high molecular weight PLLA was able to
produce bead-free fibers.

2.4.5

Solution Viscosity

Solution viscosity is one of the most important solution parameters in electrospinning as it has a
direct effect on whether or not the solution can be electrospun. At very low viscosities there is no
continuous fiber formation resulting in discontinuous fibers, and at high viscosities the ejection of
the polymer jet from the needle tip becomes difficult. For a solution of low viscosity, surface
tension becomes the dominant force which causes extreme beading to occur, while above a
certain critical viscosity a continuous fibrous structure is formed [25]. When the viscosity is above
this critical value which allows for bead-free electrospinning, a further increase in viscosity will
result in an increase in average fiber diameter, as the jet will take much longer to elongate due to
bending instability [46]. However, when the viscosity of a solution becomes too high, the shear
between the solution and the spinneret wall is what prevents jet ejection from the needle tip.

2.4.6

Solution Concentration

There exists a minimum solution concentration that allows for the formation of fibers via
electrospinning. At low solution concentrations, a mixture of beads and fibers is produced since
at a low concentration, there is a low viscosity, resulting in surface tension dominating the fiber
formation process [25]. As the solution concentration increases, these beads transition to a
fibrous morphology due to the increased viscosity. Further increasing the solution concentration,
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results in a larger fiber diameter as viscoelastic forces can suppress the effect of surface tension,
as was seen by Nezarati et al. [47]. However, when the solution concentration becomes too high,
the viscoelastic forces begin to dominate, resulting in difficulties with jet ejection [44]. There is
therefore a material specific range of concentrations that will allow for electrospinning. For
instance, Dietzel et al. [48] showed that for poly(ethylene oxide) the range of electrospinnable
concentrations is from 4-10 wt%.

2.4.7

Solution Electrical Conductivity

As jet formation depends on charge build-up on the surface of the polymer droplet, all
electrospinnable polymers are conductive to some degree. However, the degree of conductivity
depends on the type of polymer, the solvent being used, as well as the presence of an ionizable
salt. The degree of conductivity also has some bearing on the fiber diameter, with a high
conductivity associated with a decrease in the fiber diameter [25]. Solutions with low conductivity
do not allow for sufficient elongation of the jet, causing the dominance of surface tension and
Rayleigh instability and resulting in beading of the fibers [25]. The conductivity of any given
solution can be readily enhanced through the addition of ionic salts in order to achieve a desired
morphology. Zong et al. [49] investigated the effects on morphology and diameter by adding
NaCl, KH2PO4, and HaH2PO4 salts to poly(D,L-lactic acid) (PDLA) solutions and found that
increased conductivity due to the presence of the salt produced beadles, small-diameter fibers.

2.4.8

Temperature

Temperature has an indirect influence on the fiber diameter and morphology by influencing the
viscosity of the electrospinning solution. There is an inverse relationship between temperature
and viscosity, as an increase in temperature results in a decrease in viscosity. As previously
discussed, a decrease in viscosity is associated with smaller diameter fibers meaning that an
increase in temperature should result in smaller fibers [25]. Vrieze et al. [50] found that there is
an interesting relationship between temperature and fiber diameter of poly(vinylpyrrolidone), with
fiber diameter reaching a maximum at an intermediate temperature, and a smaller fiber diameter
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at temperatures both above and below this intermediate temperature. Vrieze et al. attribute this
phenomenon to a decreased solvent evaporation rate at lower temperatures, which would allow
the jet to elongate for longer and create smaller fibers, as well as a lower viscosity at higher
temperatures, creating smaller diameter fibers [50]. At the intermediate temperature, De Vrieze
et al. argue, these two effects are balanced which results in a large fiber diameter. However, the
degree to which temperature affects both solvent evaporation rate and viscosity is material
specific, meaning that different materials may not show this exact same relationship between
temperature and fiber diameter.

2.4.9

Relative Humidity

Relative humidity (RH) can interfere with the electrospinning process, making it impossible under
certain conditions. For instance, at very low humidity the solvent tends to dry so quickly that the
entire jet dries up, causing the needle to clog and preventing electrospinning from occurring [25].
In contrast to this, at extremely high humidity the polymer solution is unable to form coherent
fibers and electrospraying occurs instead [25].

Ambient RH has also been identified as having an influence on the electrospinning process by a
number of researchers [51]–[53], all indicating the general trend that an increase in RH causes a
decrease in fiber diameter [54]. In the case of a polymer solution which utilizes water as the
solvent, the mechanism for this effect is fairly straightforward. As the RH decreases, the amount
of water vapor in the surrounding environment is also decreased. This leads to the evaporation
of water from the polymer solution becoming favored by the system, resulting in an increased
evaporation rate and quicker solidification of the fiber, as evidenced by the study of poly(ethylene
oxide) dissolved in water carried out by Cai et al. [54]. This increased evaporation rate results in
a shorter stretching time for the fiber as it undergoes bending instability. For polymeric solutions
which use an alcohol or other solvent, the same general trend still applies between RH and fiber
diameter. However, this is not caused by a change in the solvent evaporation rate as an increase
in RH will not greatly affect the evaporation rate of an alcohol solution. As such, De Vrieze et al
[50] proposed that an increase in RH will cause the polymer solution to absorb water, resulting in
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a long drying time and subsequently a longer stretching time for the fiber. This degree of this
effect depends greatly on the hydrophilicity of the polymer solution is.

While the general trend is that as RH increases fiber diameter decreases, this is not always the
case. Huang et al. [52] found that for poly(acrylonitrile) fibers, the opposite was true. An increase
in RH caused an increase in fiber diameter. It was proposed that the presence of more water
molecules between the needle and collector at a high RH value decreases the intensity of the
electric field [52]. This effect is akin to reducing the applied voltage of the electrospinning system,
which would cause an increase in fiber diameter. In addition, the presence of water causes
precipitation of the hydrophobic polymer, thereby solidifying it much quicker [52]. It appears that
the two mechanisms proposed by De Vrieze et al. and Huang et al. are not independent of one
another and both effects are present in any electrospinning experiment. However, the effect
which dominates depends wholly on the properties of the polymer solution being utilized,
specifically how hydrophobic or hydrophilic properties.
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2.4.10 Summary of Electrospinning Parameters
Table 1: Summary of electrospinning parameters and their effects

Parameter

Effect

Needle-Collector Distance



There exists a minimum and maximum separation that allow for
electrospinning [41]



A larger separation results in smaller diameter fibers [40]

Applied Voltage



A higher voltage results in smaller fibers [25]

Solution Feed Rate Ratio



A low feed rate reduces fiber diameter [43]



High feed rate causes the formation of beads [25]



A low molecular weight polymer causes bead formation [44]



An increase in molecular weight causes an increase in diameter of

Polymer Molecular Weight

the fibers [44]
Viscosity



There is a critical viscosity above which bead-free electrospinning
is possible [25]

Concentration of Polymer



An increase in viscosity causes an increase in fiber diameter [46]



There is a material specific range of concentrations that allow for
electrospinning [44]

Electrical Conductivity



Increasing concentration results in increased fiber diameter [47]



Polymer must be somewhat conductive for electrospinning to
occur [25]



High conductivity causes a decrease in fiber diameter [49]

Temperature



Increased temperature results in smaller diameter fibers [25]

Relative Humidity



Low RH causes clogging of the needle [25]



High RH causes electrospraying [25]



An increase in RH causes a decrease in fiber diameter [54]

Table 1 provides a summary of the relevant electrospinning parameters and their respective
effects on the average fiber diameter. Ideally, these parameters would be combined into a
cohesive theoretical model which would accurately predict average fiber diameter, but due to the
highly correlated nature of many of the electrospinning parameters this poses a significant
challenge. There are a few mathematical models proposed in the literature, but it is an area of
research that is still in its infancy. In order to lay the foundation for mathematical modeling, the

20

degree to which each parameter influences fiber diameter has been investigated. Using a quasione-dimensional continuity model, Thompson et al. [40] determined the theoretical effects of the
parameters listed in Table 2 and reported that needle-collector separation, conductivity, and
viscosity have the most significant effects on fiber diameter; polymer concentration, molecular
weight, applied voltage, and solvent vapor pressure having moderate effects; relative humidity
and surface tension showing minor influence on jet diameter. Thompson et al. [40] evaluated the
effects of the various parameters relative to jet diameter, and not relative to fiber diameter. This
make interpretation of the results somewhat difficult as the evolution of fiber diameter is directly
affected by the governing electrospinning parameters and a small jet diameter does not dictate a
relatively small average fiber diameter. Cramariuc et al. [55] performed a similar experiment
using a more recent scaling law model, and compared the theoretical results with experimental
results for the tested parameters. They found flow rate, applied voltage, and needle-collector
separation to be the parameters with the largest amount of influence on fiber diameter and
conductivity of the polymer solution to have a weak effect on fiber diameter; other parameters
were not studied [55]. This hierarchy of parameters matches up well with evidence seen in this
lab, where applied voltage, needle-collector separation, and solution feed rate are often optimized
first [56], [57]. When comparing the experimental values to the theoretical values generated by
the scaling law, it was reported that the theoretical values were consistently smaller [55]. This
may be in part due to the fact that the scaling law does not take into account environmental
parameters as well as concentration and molecular weight of the polymer solution.

2.5

Coaxial Electrospinning

Coaxial electrospinning is a branch of electrospinning which has been developed in response to
the need for materials which possess drug delivery and controlled release capabilities. Coaxial
electrospinning is very similar to normal electrospinning, in that a direct current (DC) potential
difference is used to drive the stretching of a polymer jet into coaxial nanofibers. These
nanofibers possess core-shell morphology, with a sheath of shell material surrounding the core
material. The core can be loaded with a variety of bioactive agents such as growth factors [58],
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[59], various proteins [60], and antibiotics [61]–[63] for highly tailor-able controlled release. Aside
from more traditional controlled release applications, a number of more exotic uses for coaxial
electrospinning have been reported by various groups. Loscertales et al. [64]utilized coaxial
electrospinning of sol-gel polymers in order to create hollow tube nanofibers, as gelation of the
outer sol (shell solution) would occur followed by evaporation of the liquid filled core. Chen et al.
[65] utilized a triple concentric needle to electrospin amorphous carbon nanotubes embedded
with hollow graphite nanospheres for use in lithium-ion batteries.

Coaxial electrospinning is an attractive method for controlled release applications due to the
simplicity of the electrospinning process, wide range of viable materials, zero order release
kinetics [60], and the protection against harsh environments provided by the sheath. However, in
order for successful coaxial electrospinning to occur, there must be careful selection of the
solvents being used, as the interaction between the core and shell phases are critical to success.
The introduction of a second phase into the electrospinning complex adds a layer of complexity to
the mechanics, the effect of which has not yet been fully investigated.

2.5.1

Coaxial Electrospinning Set-Up & Fundamentals

The set up for coaxial electrospinning is nearly identical to normal electrospinning, with the
exception of a concentric needle (Figure 6). This type of needle has a small inner capillary tube
that sits inside a larger outer reservoir, with the shell solution fed to the outer reservoir and the
core solution fed through the inner capillary. This needle configuration prevents the two solutions
from contacting one another until the last possible millisecond, preventing any intermixing from
occurring and producing core-shell nanofibers. Apart from the use of a coaxial needle, the syringe
pump, high voltage supply, and collector are all used in the same manner as solid fiber
electrospinning.
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Figure 6: Coaxial electrospinning set-up, coaxial needle, and coaxial Taylor cone

When the solutions are fed into the coaxial needle, a core-shell droplet forms at the tip and is
exposed to the electric field. Similar to solid-fiber electrospinning, charge accumulation occurs on
this droplet, predominantly accumulating on the surface of the sheath liquid [66]. As charge
accumulates the pendant droplet of the sheath solution begins to elongate, forming the familiar
Taylor cone shape, eventually leading to a charged jet ejecting from the tip [66] (Figure 7). This
Taylor cone which contains both polymer materials is commonly referred to as the compound
Taylor cone.

In coaxial electrospinning, the mechanism by which nanofibers are drawn differs slightly from that
of solid-fiber electrospinning as two solutions must be drawn instead of one. Drawing of the shell
solution is driven entirely by the electrostatic force generated by the accumulation of surface
charge on the droplet [67]. Rapid stretching of this shell solution introduces strong viscous stress
that acts on the core solution and the resulting shear stress causes the core phase to be
elongated along with the shell solution [67]. The coaxial jet will then undergo bending instability
accompanied by stretching and thinning in the same manner as solid-fiber electrospinning.
However, simply utilizing a coaxial needle does not guarantee core-shell nanofibers as the
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process has complex electrohydrodynamic behaviors [68]. There is the possibility that the
compound Taylor cone does not form, meaning that the core material is not entrained in the shell
material, resulting in the formation of solid-fibers [69]. As well, careful solvent and process
parameter selection must be carried out in order to ensure that coaxial fibers are created as the
process depends entirely on the viscosities of the core and shell solutions [70].

Figure 7: Taylor cone formation in coaxial electrospinning A) Formation of pendant droplet B) Elongation of
droplet due to electrostatic force C) Formation of Taylor Cone and jet ejection

2.6

Coaxial Electrospinning Process Parameters

As coaxial electrospinning is very similar to solid-fiber electrospinning, it is subjected to many of
the same parameters as solid-fiber electrospinning. In fact, the fiber diameter of coaxial
electrospun fibers is affected by the process parameters in much the same manner as the fiber
diameter of solid electrospun fibers [71]. However it is important to note that the effect of these
parameters can only be reliably predicted with regard to fiber diameter, as the core and shell
materials are consistently in contact with one another. Since the core and shell phases are in
contact and undergo the same bending instability, it is the relative physical and rheological
properties of the two solutions which govern the formation of the proper coaxial fiber morphology
[66]. Parameters such as solution viscosities, solution feed rates, solvent miscibility, and polymer
concentration of the core and shell solutions must be maintained at specific ratios otherwise the
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viscous dragging which generates coaxial fibers will not reliably occur. As for the ambient
parameters, much like the process parameters, their effect can be extrapolated from solid-fiber
electrospinning in terms of fiber diameter. However, their effect on the core-shell morphology has
not been widely investigated, and since parameters such as humidity and temperature alter
viscosity and solution evaporation rate, it would be reasonable to assume that ambient
parameters have a significant effect on the core-shell morphology.

As has been mentioned numerous times, coaxial electrospinning is inherently a much more
complex process than solid-fiber electrospinning, and because of this the mechanics of coaxial
electrospinning have not been as widely investigated. Due to the large number of parameters, it
would be beneficial to have statistical studies carried out in order to have better optimization of
the electrospinning parameters. However, there are only a handful of studies that have done
such a statistical investigation [39], [72], with the majority utilizing response surface methodology
(RSM)[73]–[77]. RSM is incredibly useful when considering systems with a large number of
independent variables such as electrospinning, as it provides a method for measuring the impact
of these variables. The core purpose of RSM is to measure the response generated through the
systematic alteration of a number of input variables, ultimately generating a surface plot of the
response with respect to the input [78]. RSM is perfectly suited to studying electrospinning since
it efficiently investigates the response generated from a large number of input variables. In the
case of electrospinning the response is most commonly fiber diameter and the input parameters
are the various process and ambient parameters that have been discussed. In fact, many
research groups use RSM to statistically optimize the electrospinning process for a particular
material [73], [76], or even to investigate the efficacy of a new electrospinning technique [74]. For
electrospinning variations such as emulsion electrospinning, near-field electrospinning, or melt
electrospinning RSM provides an efficient method for investigating the different parameters as the
fibers formed by these processes are monolithic and do not possess an internal structure.
However, RSM is not so easily applied to coaxial electrospinning. In coaxial electrospinning,
unlike the previously mentioned variations, fibers are generated which possess an internal
structure, known as the core-shell morphology which is often more important than the fiber
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diameter as it is crucial to the function of the fibers. While it is a relatively trivial task to obtain
data about the fiber diameter, it is quite difficult and time consuming to quantify the internal
structure of core-shell fibers in a manner that generates enough data for RSM to be viable. This
makes RSM a much less attractive option when studying the effects of parameters on the coreshell morphology.

2.6.1

Orientation

Much like solid-fiber electrospinning, coaxial electrospinning can be carried out with either a
horizontal or vertical orientation (Figure 8). While the orientation of solid-fiber electrospinning is
of very little consequence to the resulting fibers [31], is has been found that this is not the case for
coaxial electrospinning [57]. In coaxial electrospinning, it was found that the gravitational force
greatly distorts the pendant droplet in a horizontal set-up leading to a non-uniform core-shell
structure [57]. The ideal set-up orientation for coaxial electrospinning is a vertical one, with the
coaxial needle positioned above the collector electrode. This positioning results in the
gravitational force acting in the same direction as the electrostatic force, allowing the fiber to be
drawn more easily and generate a more uniform core-shell structure [57].

Figure 8: Orientation of coaxial electrospinning set-up
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2.6.2

Applied Voltage

There has been very few systematic investigation of how the applied voltage affects coaxial
electrospinning as most studies use one voltage value for compound Taylor cone formation.
Moghe et al. [66] found that, similar to solid-fiber electrospinning, there exists a material-specific
voltage range that allows for stable compound Taylor cone formation. Below this voltage, the
electrostatic force is not sufficient to overcome surface tension which causes the pendant droplet
to droop, followed by intermittent jet formation from the shell material with core incorporation and
mixing (Figure 9) [66]. Voltage above this range causes an excessive electrostatic force which
results in receding of the Taylor cone and separate polymer jets to emanate from their respective
capillaries (Figure 9) [66].

Figure 9: As voltage increases from left to right, a drooping droplet is seen on the left due to voltage below
critical value. In the center is a typical Taylor cone as the voltage is within the acceptable range. On the right is
the formation of two polymer jets due to voltage above the critical range

2.6.3

Solution Feed Rate

Solution feed rate is an incredibly important parameter in the electrospinning of core-shell
nanofibers, as the relative feed rates dictate the morphology of the core-shell structure. It is
generally accepted that the feed rates of the two polymer solutions dictates the thickness of each
layer, with higher feed rates resulting in greater thickness [67] [66]. However, much like the other
process parameters, there exists a range of feed rate ratios which allow for coaxial
electrospinning. If the feed rate ratio is too low, that is to say that the shell feed rate is much
higher than the core, there is insufficient core solution to support the formation of a continuous
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core phase in the fibers [71]. If the feed rate of the core solution is too high, the size of the Taylor
cone formed by the core material becomes too large for the viscous drag exerted by the shell
material to contain the core [71]. The excess core solution causes the compound Taylor cone to
lose its shape, rendering the process unstable and causing mixing of the two phases [66]. To
avoid these siutations from occurring, the feed rate of the core solution should be kept lower than
that of the shell solution. More specifically, core-shell feed rate ratios of between 1:3 and 1:6
have been shown to reduce the possibility of jet break-up and uneven fiber distribution [79].

2.6.4

Solution Viscosity

As the driving force of coaxial fiber formation is the viscous drag exerted on the core solution by
the shell solution, it is not hard to imagine that the relative solution viscosities are extremely
important in coaxial electrospinning. For this phenomenon to occur, two conditions must be
satisfied by the polymer solutions. The first is that the shell solution must be electrospinnable on
its own as formation of the core-shell morphology is dependent on the shell solution drawing out
the inner core, but it is not critical that the core solution be electrospinnable alone [66]. Second,
the shell solution must have a higher viscosity than the core solution, so that the viscous force
exerted by the shell solution is strong enough to overcome the interfacial tension [70]. Once
these two conditions are satisfied, the necessary forces for coaxial electrospinning should be
present.

2.6.5

Solution Concentrations

In solid-fiber electrospinning, an increase in polymer concentration has been shown to increase
the fiber diameter [47]. Zhang et al. [80] found a similar trend, in that increasing the concentration
of the core solution increased both the core and overall fiber diameter, along with a decrease in
the thickness of the shell. Additionally, He et al. [81] found that by increasing the shell solution
concentration while keeping the core concentration constant resulted in a higher overall fiber
diameter due to a larger shell thickness. These results have been confirmed by Saraf et al. [72]
who studied the effect of core and shell solution thickness of fiber, shell, and core diameters
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using a 2 factorial design in order to evaluate the influence of solution and conductive salt
concentrations.

2.6.6

Solvent Miscibility

The development of the core-shell structure in coaxial electrospinning depends greatly on the
core and shell remaining phase separated for the entire process. If this phase separation is not
guaranteed, then there is the chance that the two phases will intermix due to diffusion, producing
monolithic fibers. The most reliable method for ensuring phase separation during electrospinning
is to utilize two polymer solutions which are immiscible. While it has been argued that it is
possible to electrospun miscible solutions since the time of bending instability is on the order of 1
ms which is much smaller than the time required for diffusion [82], the residence time in the
Taylor cone is approximately 1 second which is more than enough time for diffusion to occur [70].
Kurban et al. showed that fiber morphology has a strong dependence on the miscibility of the two
solutions, with immiscible systems having a distinct core-shell structure, semi-miscible systems
produced porous fibers, and completely miscible systems failed to produce fibers [70].

There is no agreement yet on how miscibility affects the electrospinnability of a two solution
system, with different groups reporting vastly different results. It is clear that there is not a
complete understanding of the conditions that restrict mixing of a fully miscible system and much
more research in this area would be beneficial.

2.6.7

Solvent Vapor Pressure

The formation of solid nanofibers relies on the evaporation of the solvents used to create the
polymer solutions, and as such the vapor pressure (i.e. the speed at which the solvent
evaporates) alters the morphology of the fibers to some degree. Li et al. [83] investigated how a
high vapor pressure solvent such as chloroform affects the fiber morphology when used in the
core solution. Due to rapid evaporation, a thin layer of solid polymer forms at the core-shell
interface that traps the remaining interior solvent, which then diffuses out of the fiber much more
slowly. As the remaining solvent diffuses outwards it creates a vacuum, causing the core
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structure to collapse and form ribbon shaped fibers. These results were corroborated by Moghe
et al. [66] who electrospun poly(vinyl alcohol)-poly(ethylene oxide) (PVA-PEO) core-shell fibers,
dissolved in water and chloroform respectively. Moghe et al. [66] also noted that high vapor
pressure solvents should also not be used in the shell solution as this destabilizes the Taylor
cone, resulting in irregular core-shell structures.

2.6.8

Solution Conductivity

Coaxial electrospinning is driven by the viscous dragging of the core solution by the shell solution
due to the accumulation of charge on the surface of the shell solution in the pendant droplet [67].
This means that a conductivity difference between the core and shell solutions has the potential
to affect fiber morphology. If the core solution possess a higher conductivity than the shell
solution, the core is pulled at a much higher rate by the electric field than the shell solution,
resulting in a discontinuous core-shell structure [66]. On the other hand, a core-shell system in
which the shell solution has a higher conductivity than the core solution, the shell would
accumulate a greater charge density resulting in a larger electrostatic force on the jet and greater
elongation of the fiber. Indeed, higher solution conductivity has been shown to produce smaller
diameter fibers due to increased bending instability [84]. As well, the higher electrostatic force
would cause the shell solution to exert a greater shear stress on the core solution, resulting in a
much thinner core diameter [66].

2.6.9

Ambient Parameters

Ambient parameters such as humidity and temperature are known to indirectly affect the solidfiber electrospinning process by altering the process parameters of solvent evaporation rate and
viscosity respectively. After discussing how coaxial electrospinning relies on the relative
viscosities of the two solutions and how solvent evaporation rate can have catastrophic effects on
the fibers, it would be no leap in logic to argue that humidity and temperature affect coaxial fiber
morphology. However, there has not yet been a systematic study of the effect of humidity and
temperature on the coaxial fiber morphology. It was reported by Kurban et al. [70] that humidity

30

has a weak correlation to fiber morphology for only semi-miscible systems, but the humidity was
not readily controlled and electrospinning was performed anywhere between 30% RH and 50%
RH. Many other studies on coaxial electrospinning have not ignored ambient parameters, but
have chosen to maintain them at a constant level during electrospinning. Zhang et al. [60]
electrospun coaxial poly(caprolactone)-poly(ethylene glycol) (PCL-PEG) fibers at 78%RH and
o

22.1 C, whereas Sun et al. [85] electrospun PVP-PLA coaxial fibers at room temperature and
ambient humidity.

It does not follow logic that ambient parameters have no effect on coaxial electrospinning
mechanics. For instance, it is quite possible that at higher temperatures the mechanism of
viscous drag which drives coaxial electrospinning fails due to a lowered viscosity of the two
solutions. This of course, is assuming that the two polymers do not have the exact same
temperature-viscosity relationship. Additionally, a lower relative humidity would enhance solvent
evaporation, possibly leading to the results seen when electrospinning with a solvent that has a
high vapor pressure. That is, a rapid evaporation of the core solvent, leading to collapse of the
fiber and the formation of ribbon-morphology fibers. However, like all electrospinning parameters,
there would be material specific ranges of these parameters within which coaxial electrospinning
is viable.
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2.6.10 Summary of Coaxial Electrospinning Parameters
Table 2: Summary of coaxial electrospinning parameters and their effects

Parameter
Orientation

Effect


Horizontal orientation leads to non-uniform core-shell structure
due to gravity [57]

Applied Voltage



Vertical orientation generates uniform core-shell morphology



High voltage creates separate jets for the core and shell materials
[66]

Solution Feed Rate Ratio



Low voltage causes intermittent jet formation [66]



A high feed rate ratio leads to a discontinuous core phase [71]



A low feed rate ratio renders the Taylor cone unstable and can
cause mixing of phases [71]

Viscosity



Ideal ratio (Shell:Core) is between 3:1 and 6:1 [79]



Shell solution needs to have a higher viscosity than core solution
to allow for viscous drag [70]

Concentration

Miscibility

Solvent Vapor Pressure



Increasing shell concentration increases shell thickness [81]



Increasing core concentration increases core diameter [47]



Immiscible systems generate distinct core-shell morphology [70]



Semi-miscible systems produce porous fibers [70]



Miscible systems fail to produce fibers [70]



High vapor pressure solvent in shell destabilizes the Taylor cone
[66]

Conductivity

Temperature

Humidity



High vapor pressure solvent in core causes fiber collapse [83]



High shell solution conductivity results in smaller fibers [84]



High core solution conductivity creates discontinuous core [66]



Effect unknown



Expected to alter solution viscosities and prevent viscous drag



Effect unknown



Low RH expected to enhance evaporation and generate ribbonfibers
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2.7

Fiber Alignment

2.7.1

Importance of Fiber Alignment

Traditionally, an electrospinning set up involves a simple plate collector electrode which randomly
generates fibers, creating a fibrous mat with no distinct orientation. Such a fibrous mat is useful
for simple fiber characterization techniques, but is not biomimetic as many tissues in the body
possess a high degree of ECM organization. As such, much research has gone into the
development of electrospinning techniques which can fabricate scaffolds in a variety of shapes
and control the fiber orientation. Many unique methods for fiber orientation control have been
developed, and the effects of such fiber orientations are being thoroughly studied.

It has been found that when cells are seeded onto a scaffold, they will proliferate in the same
direction as fiber alignment, if any is present. In addition to this fiber guided growth, cells that
have been seeded on aligned scaffolds show a morphology more similar to the morphology of
native cells. Preliminary studies by Yang et al. [86] using aligned poly(L-lactic acid) (PLA) fibers
showed that neural stem cell (NSC) growth was greatly affected by the fiber alignment, with
neurite outgrowth and NSC proliferation following the direction of fiber alignment. Truong et al.
[87] performed a similar study, finding that fibroblast cells on the aligned scaffold grew along the
direction of fiber alignment and possessed morphology similar to native ligament fibroblast cells.
This indicates that the orientation of the fibers in a scaffold dictate the pattern in which cells
proliferate.

Another study by Vaz et al. [88] attempted to recreate blood vessel morphology by
electrospinning a bi-layered tubular scaffold with an outer, oriented PLA layer and an inner,
random PCL layer. Cell-studies revealed that the cultured cells were concentrated in the outer
layer of the scaffold with little scaffold penetration, which can be attributed to the lack of fiber
alignment within the inner PCL layer. In addition, this scaffold did not incorporate growth factors
within the fibers, meaning that the cells had no guidance for scaffold penetration. A more recent
study by Schnieder et al. [89] showed that cell infiltration of chondrocyte cells occurred only on an
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aligned scaffold, and only surface cell growth on the random scaffold. In addition, the aligned
scaffold promoted both cell-guided ECM deposition and caused the cells to take on a spindle-like
morphology [89]. Similarly, Kai et al. [90] used aligned PCL/Gelatin composite scaffold for
cardiac tissue engineering by seeding cardiomyocytes. The group found that not only does the
scaffold orientation direct cell growth; it also greatly affects cells morphology. Cells seeded on a
random scaffold showed multi-angular shapes and minimal cell spreading, with cells on the
aligned scaffold showing an elongated morphology similar to that of cells found in native tissue
[90].

Knowing that fiber alignment dictates cell growth and morphology, Lim et al. [91] investigated how
fiber alignment affects the differentiation of adult neural stem cells (ANSC) and found that when
differentiation was induced, more cells on the aligned scaffold exhibited traits of neuronal
differentiation compared to the random scaffold. Many other groups have investigated this
phenomenon and have found that fiber alignment does have a significant effect on the
differentiation of many different types of cells [92]–[95].

Not only does fiber orientation affect the characteristics of cell growth, but it affects the
mechanical properties of the scaffold [20], [96], [97]. Mechanical properties are another important
criterion in scaffold design in order for the scaffold to withstand the stressed that will be place on
it in vivo. Mechanical properties of a scaffold are dictated by two factors: material and fiber
alignment. The alignment of fibers imparts anisotropic mechanical properties which are very
useful in many biomedical applications. Indeed, Thomas et al. [98] showed that aligned fibrous
mats had increasing tensile moduli with increasing degrees of alignment when loaded in the
direction of fiber alignment. This increase in strength is caused not only by the fiber alignment,
but by the method used to align the fibers. By using a rotational electrode to create uniaxial
aligned fibers, mechanical forces act on the charged jet as the fibers are deposited, encouraging
stretching of the polymer chains along the axis of fiber alignment, increasing strength [99]. In
addition, the method of alignment can cause the fibers to have a much greater packing density as
well as more uniform morphology and diameter [99].
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These studies highlight the importance of fiber orientation in a tissue engineering scaffold and
have significant implications for electrospinning as a viable scaffold technique. Since scaffold
alignment must be regulated in order to attain the cell proliferation and differentiation effects
described above, the electrospinning technique must be modified to allow for customizable fiber
orientation. Already a wide variety of creative fiber alignment methods have been developed by
researchers and applied to scaffold fabrication for tissue engineering.

2.7.2

Methods for Fiber Alignment

As the effects of fiber alignment on cell growth was realized, many unique methods for the
deposition of aligned fibers by electrospinning were developed. The most basic method for fiber
alignment is the use of a collector electrode in the form of a rotating drum or mandrel (Figure
10A). The rotating mandrel is powered by a separate voltage supply and is spun during the
collection process, generating uniaxially aligned fibers. The speed of rotation dictates the degree
of alignment with higher speeds resulting in more aligned fibers, however if the rotational speed is
too high then fiber breakage will occur. There are many variations of the rotating mandrel
electrode such as the rotating wire drum collector, drum collector with wire, and the disc collector
(Figure 10) [100].

A

B

C

Figure 10: A) Rotating drum electrode B) Rotating disc electrode C) Rotating wire-drum electrode

Another basic method for fiber alignment is the use of parallel plate electrodes. Such a set up
utilizes two conductive plates separated by a gap, causing aligned fibers to be deposited in the
space between the plates (Figure 11). The presence of the two ground electrodes will cause the
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charged jet to be simultaneously pulled in two directions, eventually leading to its aligned
deposition between the two plates [101]. Much like the rotating drum electrode, the parallel
plates can be modified to enhance the degree of alignment. For example, Li et al. [101] modified
this set up by using pairs of parallel plates (Figure 12) to deposit fibers with up to three directions
of alignment, creating a structure of stacked fibrous layers. Laudenslager et al. [102] used
separated rotating parallel disc electrodes to collect fibers across the two electrodes and then
deposit these fibers on a stationary metal plate.

Figure 11: Parallel plate electrode

Figure 12: 2 plate, 4 plate, and 6 plate patterned electrodes

More recently, researchers have been looking into methods to collect fibrous bundles via
electrospinning through modifications of the collector electrode shape. The collection of fibrous
bundles is commonly carried out through the use of needle shaped electrodes to concentrate the
fibers at one point. If two needle electrodes are placed facing each other, the fibers will form a
bundle stretching from one electrode tip to the other, as was the case in the set up used by Teo
et al. [103]. A similar set-up used by Toncheva et al. [104] involved the use of multiple needle
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electrodes placed in front of a rotating mandrel, causing a number fibrous bundles equal to the
number of needle electrodes to be drawn around the mandrel.

More unique electrospinning techniques involve submerging the collector electrode under flowing
water so that the flowing action draws the fibers and carries them away from the deposition point
to a rotating mandrel for collection [105]. Another method of fiber alignment utilized a magnetic
field assisted electrospinning technique where aligned fibers were collected via the influence of a
magnetic field on the bending instability region of the charged jet [106].

2.7.3

Measuring Fiber Alignment

Since fiber alignment has been demonstrated to be an important factor in directing cell growth, it
is also important to quantify and characterize the degree of alignment for a given scaffold. If the
degree of alignment is not readily quantified it becomes a somewhat subjective term, which is not
ideal for a parameter with such influence on scaffold design. Fortunately, 2D fast Fourier
transform (FFT) provides a reliable and relatively straightforward method of measuring fiber
alignment in electrospun scaffolds. 2D FFT has been used widely used in literature as a standard
method for measuring the degree of scaffold alignment [97], [107]–[109].

The 2D FFT function converts spatial information in an image into a mathematically defined
frequency domain which maps the rate at which pixel intensities change (Figure 13) [110] . These
frequency plots are arranged by the separation of low-frequency and high-frequency signals, with
distance away from the origin increasing with frequency. Low-frequency signals constitute
domains within the original image that contain pixels of similar values, corresponding to the
background and overall shape of the image [110]. High-frequency signals are generated by
domains that exhibit abrupt changes in pixel intensity such as edges, minor details, and image
noise [110]. The FFT of an image containing randomly aligned fibers generates a frequency plot
with the majority of white pixels concentrated symmetrically around the origin (Figure 13 E), and
the FFT of an image containing aligned fibers will generate a frequency plot with concentrated
spikes of white pixels corresponding to the degree of alignment (Figure 13 B).
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The spectra generated by 2D FFT are not inherently easy to read and therefore translating these
spectra into a plot is useful. A plot of nominal pixel intensity versus degree of alignment can be
generated by summing the pixel intensities along the radius for each angle of the circular
o

o

projection (0-360 ). Often, the summation of pixels is only carried out between 0-180 as the
o

frequency plot is symmetric along the 180 line. This summation generates an easily read plot
which will shows peak at the angle of which the majority of the fibers are aligned (Figure 13 C)
[111]. A high and narrow peak is indicative of a more uniform degree of alignment and a broad
peak or the presence of a shoulder on the peak indicates that there may be more than one
principle axis of alignment.

A

C

B

D

E

F

Figure 13: A) Aligned fibers B) FFT spectrum of aligned fibers C) Plot of FFT spectrum for aligned fibers D)
Random fibers E) FFT of random fibers F) Plot of FFT for random fibers

2.8

Materials for Coaxial Electrospinning

As has been discussed, electrospinning is a versatile process that is able to create fibers out of a
wide variety of polymers. However, for the purposed of this thesis, only the relevant materials are
being summarized in this section.
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2.8.1

Poly(caprolactone)

Poly(caprolactone) PCL was first synthesized in the early 1930s, and became commercially
available following attempts to identify synthetic polymers which could be degraded by
microorganisms [112]. PCL is a hydrophobic, semi-crystalline polyester, with good solubility in
o

many common solvents (benzene, toluene, cyclohexane), a low melting point of 59-64 C, and
easily blended with other polymers. It is these attributes which make PCL such an attractive
option for many biomedical applications, and PCL in particular already has several FDA-approved
biomedical uses [21]. PCL is prepared via the ring-opening polymerization of the monomer εcaprolactone, with the addition of low molecular weight alcohols to control the molecular weight of
the polymer [112]. PCL degrades via hydrolysis, releasing byproducts that feed into natural
metabolic pathways and do not change the pH of the surrounding environment [21]. Figure 14
shows the chemical structure of PCL.

Figure 14: Chemical structure of PCL

2.8.2

Trifluoroethanol

Trifluoroethanol (TFE) is a water soluble organic solvent which can readily solubilize both proteins
and peptides. It possesses a strongly electronegative trifluoromethyl group, giving it much strong
acidic properties than ethanol. This electronegative group is also beneficial for the
electrospinning process as it allows for charge accumulation on the droplet at the needle tip. TFE
has been successfully used in many electrospinning applications to dissolve PCL [60], [80], [113].
The chemical structure of TFE is depicted in Figure 15.
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Figure 15: Chemical structure of TFE

2.8.3

Poly(ethylene glycol)

Poly(ethylene glycol) (PEG) is a polyether with low toxicity and is used in many medical
applications. PEG has been used numerous times in coaxial electrospinning as the core solution,
usually as a carrier for fluorescent dyes or antibiotics [60], [114]. Polyethylene glycol is useful as
a core material as its hydrophilic properties allow it to blend easily with aqueous biological
solutions while at the same time improving the ability of the solutions to form fibers [115]. As well,
the addition of PEG into the core solution assists the formation of pores on the shell of core-shell
fibers, which are useful in controlled release drug delivery [72], [116].

Figure 16: Chemical structure of PEG

2.8.4

FITC-BSA Model Protein

Fluorescein isothiocyanate-bovine serum albumin (FITC-BSA) conjugate is often incorporated
into the core solution during coaxial electrospinning to act as a model protein [60], [79]. The
incorporation of FITC-BSA allows for study of the release kinetics[115], [117], [118] and core
morphology via laser scanning confocal microscopy [72], [118]. BSA is a serum albumin protein
derived from cows and is used in numerous applications such as enzyme-linked immunosorbent
assays, immunoblots, and immunohistochemistry. BSA can be conjugated with a number of
fluorescent dyes to make it optically detectable. One such conjugation is with the fluorescein
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derivative FITC. FITC has excitation and emission spectrum wavelengths of approximately
495nm and 519nm respectively, meaning that conjugation with BSA allows BSA to be detected at
these wavelengths. However, FITC is extremely sensitive to light, making photobleaching a
problem if not handled appropriately. The structure of the FITC molecule is shown in Figure 17.

Figure 17: Chemical Structure of FITC
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3

Materials and Methods

3.1

Materials
Materials

Supplier

Specification

Item Number

Trifluoroethanol (TFE) ( 2,2,2-

Sigma Aldrich*

2,2,2-TFE

T63002

trifluoroethanol)

Reagent Plus

Anhydrous Ethyl Alcohol

Commercial Alcohols**

>95%

Poly (caprolactone) (PCL)

Sigma Aldrich

80 kDa

440744

Poly (ethylene glycol) (PEG)

Sigma Aldrich

10 kDa

309028

Fluorescein Isothiocyanate labeled

Sigma Aldrich

λmax= 495 nm

A9771

Invitrogen Canada Inc***

1.71 RI

Bovine Serum Albumin
Prolong Gold Antifade Reagent

* Sigma Aldrich, Oakville, ON, Canada **Commercial Alcohols, Brampton, ON, Canada ***Invitrogen Canada Inc,
Burlington, ON, Canada

3.2

Solutions

3.2.1

Polymer Shell Solution

The shell solution of 12 wt% PCL was prepared by dissolving 1.89 g of PCL in 10 mL of TFE at
room temperature, with vortexing to dissolve the polymer.

3.2.2

Protein Core Solution

The core solution was prepared by first dissolving 5 g of PEG in 20 mL of 85% ethanol to give a
concentration of 250 mg/mL. FITC-BSA was then suspended in the PEG-ethanol solution at a
concentration of 10 μg/mL with a sonicator. The final solution was wrapped in tinfoil to limit light
o

exposure and stored at 4 C to preserve fluorescence.
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3.3

Humidity Control

A large glove box chamber was retrofitted with the appropriate equipment to control and maintain
the relative humidity (RH) inside (Figure 18). The glove box was fitted with a vacuum pump,
nitrogen cylinder, pressure gauge, vacuum gauge, and humidity monitor. See Figure 53 in
Appendix A: Dry Box Protocol for a detailed schematic.

Figure 18: Humidity Controlled Chamber

The RH within the chamber could be increased or decreased to any value within the range of
10%RH to 65%RH by controlling the introduction of dry or wet nitrogen (See Appendix A: Dry Box
Protocol). To decrease humidity, dry nitrogen was used to purge chamber until the pressure
reached approximately 5 inH2O, at which point the nitrogen was turned off and a vacuum pump
was used to pump out the chamber contents. This nitrogen-vacuum pump cycling was performed
until the humidity reached the desired value. An increase in humidity was achieved by first
bubbling the nitrogen through water and then purging the chamber. Again, purge-pump cycles
were carried out until the desired humidity was reached. The chamber could maintain humidity
within 2%RH for approximately 45 minutes until more purging was required.
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3.4

Coaxial Electrospinning

3.4.1

Random Fibers

Electrospinning was performed at ambient temperature in the humidity controlled chamber
(Figure 18). The set-up utilized a high voltage power source to apply and electric field anywhere
between 0-30 kV. The polymer solutions were delivered to the needle using a Model 33 Harvard
Apparatus dual syringe pump. For collecting random fibers a simple circular aluminum electrode
was used (Figure 20), with the needle positioned 10-12 cm away. When electrospinning solid
fibers, PCL was delivered to an 18 gauge needle at a flow rate of 0.18 mL/h, and for coaxial fibers
the PCL and PEG solutions were fed into a coaxial needle, with the shell solution (PCL) pumped
at 0.18 mL/h and the core solution (PEG) at 0.06 mL/h. The shell was delivered to the needle via
peroxide treated silicone tubing as this material was not dissolved by the TFE solvent, and the
core solution was pumped through light-resistant neoprene tubing in order to minimize light
exposure (Figure 19). For the coaxial needle, 18 gauge and 22 gauge needles were used for the
outer and inner needles respectively. Using the humidity control system described in the previous
section, fibers were spun at 40, 30, 25, and 20% RH for investigation of the humidity effect on the
core shell structure. All samples were collected on pieces of silicon wafer placed on top of the
collector electrode.

Figure 19: Light resistant neoprene tubing
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Figure 20: Collector electrode for unaligned fibers

3.4.2

Aligned Fibers

Prior to the electrospinning of coaxial fibers, aligned solid PCL fibers were electrospun using
7400 RPM, a flow rate of 0.18 mL/h, applied voltage of 24 kV, and a collector-needle separation
of 11 cm as a proof of concept. Coaxial aligned fibers were then electrospun using the same
solution flow rates, needle-collector separation distance, and applied voltage as used when
collecting random fibers. However, a spinning mandrel collector electrode with a diameter of 4.5
cm was used to collect aligned fibers (Figure 21) and all fibers were collected at 30% RH, based
on results from the humidity study.

Figure 21: Rotating mandrel with variable speed motor
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The mandrel was rotated by a variable speed DC motor (Figure 22) which was powered by a 0-30
direct current voltage (DCV) source. The motor was capable of 10000 rpm unloaded, but could
only spin the mandrel at a maximum of 7800 rpm. To collect aligned fibers and compare various
degrees of alignment, rotational speeds on 5600, 6500, and 7400 rpm were used.

Figure 22: DC motor for mandrel rotation

3.4.3

Stacked Layers of Aligned Fibers

To collect two stacked layers of aligned fibers, one layer was first collected on aluminum foil using
the rotating mandrel over the course of an hour. The aluminum foil strip was then removed, and
square sections were cut from it. These sections were then re-fastened onto the rotating
mandrel, oriented so that the existing layer of fibers ran parallel to the mandrel. This ensured that
two aligned fibrous layers were oriented perpendicular to one another. Both layers were collected
using an applied voltage of 24 kV, a needle-collector separation of 11 cm, core-shell flow rates of
0.06 and 0.18 mL/h respectively, at ambient temperature and a relative humidity of 30% RH, and
with a rotational speed of 6500 rpm.

3.5

Fiber Characterization

3.5.1

Scanning Electron Microscopy (SEM)

A Leo (Zeiss) 1540XB FIB/SEM scanning electron microscope was used to obtain high resolution
images of the electrospun fibers. Nine samples were imaged for each RH value and these
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images were used for studying fiber morphology and generating diameter distributions. An
accelerating voltage of 2-5 kV was used to generate the images without damaging the fibers.

3.5.2

Transmission Electron Microscopy (TEM)

A Philips CM 10 transmission electron microscope with a digital camera was used to collect
images of core-shell PCL-PEG fibers. To image the fibers, they were spun onto copper TEM
grids and an accelerating voltage of 60-80 kV was used. As well, TEM was utilized to collect
cross sectional images of the fibers after they had been ultramicrotomed.

3.5.3

Laser Scanning Confocal Microscopy (LSCM)

A Carl Zeiss laser scanning confocal microscope (LSM-410) equipped with an Argon/He/Ne laser
was used to image the encapsulated FITC-BSA complex in the core-shell fibers. A 488 nm laser
was used to excite the FITC-BSA protein, and collect the resulting fluorescence. As well, a laser
was used to collect differential interference contrast (DIC) images which were then overlaid with
the fluorescence images to determine the localization of the FITC-BSA. Lastly, a negative control
sample was generated by electrospinning coaxial fibers that lacked FITC-BSA in the core. This
sample was imaged under the same conditions as the FITC-BSA fibers, in order to rule out the
possibility of a false fluorescence signal.

3.5.4

Resin Embedding and Ultramicrotoming

In order to characterize the cross section of the electrospun fibers, ultramicrotoming was
employed to generate 70nm thick slices of the fibers. To facilitate the cutting of these slices, the
fibers were first embedded in LR White resin. LR White was chosen for its penetration qualities
and it provided good sample visibility within the resin.
o

The fibers were embedded in the LR White resin and cured at 60 C for 24 hours. The cured resin
blocks were then sliced using an ultrafine diamond knife microtome, with the thickness of each
slice approximately 70 nm. A TEM grid was used to collect these slices, which were then imaged
using a Philips CM 10 transmission electron microscope.
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3.6

Image Analysis

3.6.1

Fiber Diameter

ImageJ was used to obtain diameter distribution data. To do this, SEM images (Appendix B:
SEM Images) were taken and the scale base was used to correlate number of pixels per
micrometer. The fiber diameters were then measured by drawing a line on the fiber
perpendicular to its axis. The length of the line was then automatically converted into
micrometers by ImageJ. The data was then statistically analyzed using Origin9. For each
sample, a minimum of four images were taken and approximately forty fibers were measured on
each image. This procedure was carried out for both aligned and random fibers.

3.6.2

FFT Analysis

ImageJ and Photoshop were used to carry out 2D FFT analysis of the aligned fibers, in order to
quantify the degree of alignment. Photoshop was used to crop unnecessary data from the image
such as the scale bar and imaging parameters, as this information would obscure the FFT results.
o

As well, each image was rotated 90 as the 2D FFT analysis inherently rotates the data 90

o

(direction of rotation is irrelevant). ImageJ was then used to generate the FFT frequency plot,
and an oval-profile plug-in was used to sum the pixel intensities along the radius for angle of the
o

projection (0-360 ). This data was then imported into Origin9 and used to construct a plot of
nominal intensity versus degree.
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4

Results & Discussion

The main focus of this work was to study if the relative humidity had an effect on the core-shell
structure of coaxial electrospun fibers, and then to take these fibers and mimic the structure of the
tympanic membrane to create a tissue engineering scaffold. In order to achieve this goal, a
number of preliminary steps were carried out. The process parameters must be optimized for the
production of nanofibers, as electrospraying can occur if the correct conditions are not met.
When studying the effect of humidity on the core-shell nanofibers, the diameter distribution and
the core-shell morphology were investigated. An ideal core-shell fiber was considered to possess
a perfectly concentric core in shell arrangement with minimal beading.

The polymers which were selected for creating these core-shell fibers were PCL and PEG as the
shell and core, respectively. PCL was selected for its well-known biocompatible and
biodegradable properties as well as its hydrophobicity. The TM perforation healing process is
relatively slow compared to other tissues, as such a polymer which has a slower rate of
degradation would be beneficial for a tissue engineering approach to TM perforations, and PCL is
one such polymer. In addition, it has been shown that chronic TM perforations which discharge
fluid have a much slower healing time than dry perforations [119], and it is hypothesized that
PCL’s hydrophobic properties will help to counteract the effects of discharge on the healing
speed.

First, the voltage and needle-collector separation were optimized to ensure consistent fiber
production throughout following experiments (Section 4.1). Once the conditions had been
selected, the fibers were spun at various relative humidity and the core-shell structure
characterized via LSCM and TEM (Section 4.3). It was found that humidity can alter the coreshell structure, and there is a material specific optimum humidity for core-shell electrospinning.
Aligned nanofibrous mats were spun at this optimum humidity using a rotating mandrel and
characterized via LSCM, SEM, and 2D FFT (Section 4.4). Selection of the ideal rotational speed
was carried out, and the speed which produced the most aligned fibers was then used to create a
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dual layer aligned scaffold, similar to the tympanic membrane. Finally, this scaffold was
characterized using LSCM, SEM, and 2D FFT and compared to the tympanic membrane of a
Wistar rat. The results gathered by this study indicate that humidity does affect the fiber
morphology and can even interfere with the core-shell fiber forming process and are summarized
in Table 3.

Table 3: Summary of results obtained in this work, showing how RH quantitatively affects fiber diameter, and
qualitatively affects the fiber morphology and core-shell structure.

Relative
Humidity

Fiber Diameter (nm)

Fiber Morphology

40

255 ± 16

Normal with fiber fusion

30

325 ± 20

Normal

25

385 ± 19

Normal

20

484 ± 24

Normal with flat ribbon fibers

Core-Shell Structure

(%RH)

4.1

Very low prevalence of
core-shell fibers
High prevalence of coreshell fibers
Fibers possess ring
structure
Fibers possess ring
structure

Selection of Electrospinning Parameters

Coaxial electrospinning was carried out as described in previous sections, with the two polymer
solutions fed to a coaxial needle and the application of an electric field. Before any fibers could
be spun for morphology studies, the electrospinning parameters had to be optimized for
electrospinning bead-free core-shell fibers. As has been discussed in previous sections, there
are a large number of parameters that affect electrospinning; however not all of these parameters
can be considered independent. Parameters such as viscosity, conductivity, and evaporation
rate are highly dependent on polymer concentration, polymer type, and ambient parameters.
Therefore, the optimized parameters were set-up orientation, polymer concentration, applied
voltage, solution feed rates, and needle-collector separation as these were considered to be the
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most independent parameters. The final optimized values for coaxial electrospinning of PCLPEG fibers are outlined in Table 4.
Table 4: Coaxial electrospinning parameters

Parameter

Value

Concentration of PCL shell solution

12 wt%

Concentration of PEG solvent solution

250mg/mL

Polymer feed rates

Shell: 0.18 mL/h
Core: 0.06 mL/h

4.1.1

Voltage

24 kV

Needle-collector separation

10 cm

Set-Up Orientation

From previous work in the laboratory, it was found that set-up orientation has a great effect on the
core-shell fibers with a vertical orientation producing superior fibers. A horizontal set-up causes
distortion of the Taylor cone due to gravity and leads to a non-uniform core-shell structure,
whereas a vertical set-up results in a more uniform core-shell structure, and better fiber drawing
due to the combined effect of gravity and the electric field [58].

4.1.1

Solution Parameters

As previously discussed, the relationship between the viscosities of the two polymer solution is
critical to successfully electrospinning coaxial fibers. Careful consideration was taken when
selecting the polymer concentrations, as this is directly related to solution viscosity. For the shell
concentration, 12 wt% of PCL in TFE was selected as it has previously been used in our lab with
success [56], and has been reported in the literature when PCL is used as the shell solution [60].
Success with 10 wt% [120] and 11wt% [72] PCL in TFE solution has also been reported.
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For the core solution of PEG dissolved in 85% ethanol, 250 mg/mL was selected for use as
previous work in the laboratory showed lower concentrations of PEG produced ribbon-like fibers
[57].

4.1.2

Voltage Optimization

In order to optimize the applied voltage, the stability of the Taylor cone and the relative amount of
beads on the fibers were observed. Applied voltages ranging from 19kV to 26kV were tested at
the ambient relative humidity of approximately 40%, finding that a range of 24kV-25kV was
optimal for electrospinning of PCL-PEG fibers (Figure 23). At voltages below 24kV, an unsteady
Taylor cone was observed through discontinuous electrospinning of fibers. The weak electric field
would result in periodic jet ejection from the pendant droplet as there was not sufficient charge
build up to cause a continuous jet ejection process [66]. At voltages above 25kV, the excessive
electric field caused unstable electrospinning and receding of the Taylor cone. As well, such a
high voltage caused arcing at low humidity, making it infeasible to use voltages above 25 kV.

Figure 23: Bead free fibers produced using selected parameters
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4.1.3

Other Parameters

A systematic study of the viable solution feed rates for coaxial electrospinning was not carried out
as this parameter is not the focus of the work and there already exists a wealth of research into
this area. Instead, the feed rates were based on previous work done in the laboratory on
collagen-PEG [57] fibers and PCL-PEG fibers [56]. It is important to note that the selected values
of 0.06 mL/h and 0.18 mL/h for core and shell respectively, adheres to the ideal feed rate ratio of
1:3 (core:shell) as described by Szentivanyi et al. [79].

Similarly to the solution feed rates, no systematic study was carried out for the needle-collector
separation distance. Instead, the distance was selected based on previous work in the laboratory
which used a much smaller needle-separation of 7.5 cm for collagen-PEG fibers [57]. A needlecollector distance was selected as 11 cm as this was the maximum separation at which
electrospinning was possible at a applied voltage of 24kV. At distances larger than 11 cm,
electrospraying was observed. Electrospinning was possible at greater separations using a
higher applied voltage but due to the limitations posed by the equipment, as the voltage supply
has a maximum of 30 kV, and the occurrence of arcing at voltages higher that 25 kV, it was
deemed infeasible to electrospun with a higher separation.

4.2

Humidity Control

Using the humidity controls described in Appendix A: Dry Box Protocol, it was possible to achieve
any desired humidity within the range of 10% RH to 65% RH. The dry box was then able to
maintain this humidity without any interference for approximately 45-60 minutes, at which time
purge-pump cycles had to be performed. Previously, electrospinning was carried out in a dry box
within a fumehood, but it was found that the fumehood caused significant air flow within the
chamber, causing fibers of a smaller diameter to be carried away instead of deposited on the
collector [57]. The dry box system overcame this problem as there was no air movement unless
the box was undergoing a purge-pump cycle.
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This system is not without its limitations however, with atmospheric conditions and lack of
temperature control having significant effects on the control system. During summer months and
rainy days the atmospheric humidity would be exceptionally high, making it incredibly difficult to
lower and maintain humidity, especially at values lower than ~25% RH. In addition, the dry box
has not yet been outfitted with a temperature control mechanism. During electrospinning the
o

temperature would change by no more than ±2 C.

4.3

Characterization of the Core-Shell Fibers

Coaxial electrospinning using the parameter values previously outlined was carried out at 20, 25,
30, and 40% RH. The resulting fibers were then characterized using SEM, TEM,
Ultramicrotoming, and LSCM. It was seen that there is a noticeable effect of humidity on the core
shell structure and fiber diameter.

4.3.1

Fiber Diameter and Morphology

It has been shown that for monolithic solid fibers, a decrease in humidity corresponds to an
increase in fiber diameter due to the increased solvent evaporation rate preventing elongation by
bending instability [25]. Statistical studies on the SEM images of the PCL-PEG fibers show that
this trend can be extended to core-shell fibers (Figure 24), as was expected since many
parameter effects on solid-fibers do apply to core-shell fibers. Table 5 describes the statistics of
the randomly selected fiber diameter measurements at the RH values that were tested. See
Appendix B for the SEM images that were included in this statistical analysis.
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Table 5: Statistics on fiber diameter measurements for the relative humidity values tested

Relative

Sample

Average Fiber

Standard

Maximum

Minimum

Humidity (%)

Size

Diameter (nm)

Deviation (nm)

(nm)

(nm)

40

194

233

186

965

54

30

200

309

230

1085

71

25

212

370

225

1310

108

20

216

476

321

1676

97

Figure 24: Fiber diameter vs. Relative Humidity

In addition, histograms of the diameter distribution for the fibers were created at each RH
condition. At first glance, the distribution appears to follow a lognormal distribution (Figure 25), in
order to confirm this, histogram plots of the fiber diameter count versus the logarithm of the fiber

55

diameter were created (Figure 26), showing most of the histograms do not fit to a lognormal
distribution.

Figure 25: Diameter distribution plots at A) 40 B) 30 C) 25 and D) 20% RH
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Figure 26: Count vs. Logarithm of diameter for data depicted in Figure 24 A) 40 B) 30 C) 25 and D) 20% RH

It is important to note that at 40% RH, fusing of the nanofibers is seen (Figure 27). This fiber
fusing occurs because the solvent evaporation rate is not fast enough to allow the fibers to
completely dry as they travel to the collector electrode. As the fiber dry much more quickly at
lowered RH values, fiber fusion is completely eliminated at RH values below 40%. This fusing of
fibers is not a desirable trait in a tissue engineering scaffold, and because of this it can be said
that electrospinning at too high of a humidity produces an undesirable scaffold.
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Figure 27: Fusing of fibers at 40% RH. Fiber fusion is indicated with black arrows

Conversely, at 20% RH ribbon fibers were seen (Figure 28) due to the increased solvent
evaporation rate causing a collapse of the core structure as described by Moghe et al. [66]. As
these ribbon-like fibers are not biomimetic of the natural TM structure, electrospinning at a RH
that is too low produces a scaffold which is not suitable for tympanic membrane tissue
engineering applications.

Figure 28: Ribbon fibers at 20% RH. Fibers indicated with black arrows
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At the intermediate RH values of 30 and 25%, the undesirable features of fiber fusion and ribbon
fibers are not prevalent (Figure 29: 30% RH Fibers (Left) and 25% RH Fibers (Right)Figure 29). As fibers
produced 40% and 20% RH were deemed unsuitable for TM tissue engineering, it can be said
that the optimal humidity for the coaxial electrospinning of PCL-PEG nanofibers lies within the 2530% RH range.

Figure 29: 30% RH Fibers (Left) and 25% RH Fibers (Right)

Within a range of 20% RH there is a wide variation in fiber diameter, and fiber morphology,
indicating the role which humidity plays in dictating the fiber morphology. At RH values outside of
the tested range, it became increasingly difficult to electrospin any fibers at all, due to effects
reported by De Vrieze et al. [50]. What causes the differences between the fiber morphologies at
differing humidity is not the rate at which the solvent evaporates, but how much water is absorbed
by the polymer-solvent system [50]. At high RH values, the nanofibers take on water from the
moisture in the surrounding atmosphere. This water absorption increases the time it takes for the
fibers to dry, often resulting in wet fibers being deposited. As the RH is decreased, the amount of
water vapor present also decreases, meaning that less water absorption occurs and the fibers dry
much faster. This quick drying time can cause rapid solidification of the polymer jet and can lead
to clogging of the needle. These two factors impose a material specific range of RH values
between which coaxial nanofibers can be readily produced. The exact range depends on the
vapor pressure of the solvent being used as well as the hydrophobicity of the materials being
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electrospun. As has been observed, even within this range, the electrospun fiber morphology can
vary wildly.

First, it can be seen that the core-shell fiber diameter significantly changes with humidity, a trend
which is seen in solid-fiber electrospinning (Figure 24) [50]. The small fiber diameter at low RH
values can be attributed to the reduced water absorption, rapidly solidifying the fiber and
preventing it from being drawn out by bending instability. At the other end of the spectrum, at
high RH values, the uptake of water by both the polymer and solvent slows the rate at which the
polymer dries, allowing for bending instability to have a greater drawing effect on the fiber and
resulting in thinner fibers. Modeling the drying of the fibers would be beneficial as it would allow
for prediction of the drying time which could then be correlated to the fiber diameter. Using Fick’s
law of diffusion from a cylinder (Figure 30) Wu et al. [121] modeled the solvent evaporation from
solid electrospun fibers and attempted to predict the drying time for electrospun fibers, where r is
the radius of the jet, D is the diffusivity constant, and C1 is the mass concentration of the solvent
in the solution. Using this theoretical model, the group predicted the drying time of
poly(acrylonitrile) charged jets with diameters ranging from 1 μm to 100 nm, showing that drying
time decreased with charged jet diameter.

(

)

Figure 30: Fick's law of diffusion for a cylinder with radius r followed by the expansion to the governing equation
of mass diffusion

While this model was successful in predicting how the drying time of the fiber relates to the
charged jet diameter, it is not suitable for use with optimizing the electrospinning process. As the
diameter of the charged jet is constantly changing during the electrospinning process, using
Fick’s law creates a highly idealized model in which the jet diameter is constant. This model
assumes that the diameter of the charged jet is equal to the diameter of the deposited fibers,
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which is not the case as the jet diameter decreases with time. As the jet diameter decreases with
time, the drying rate of the fiber would also increase with time, resulting in the model proposed by
Wu et al. [121] generating drying times much longer than what occur experimentally. In addition,
it is difficult to extend this model to coaxial electrospinning due to the presence of the core
material. The introduction of a third phase in the form of the core solution means that the drying
rate must be determined in terms of multicomponent diffusion through two concentric cylindrical
bodies.

Since the drying rate of the fibers is related to the uptake of atmospheric moisture, it is possible to
relate the drying rate to the hydrophobic or hydrophilic properties of a given polymer. If a
completely hydrophobic polymer-solvent system were used, it can be expected that humidity
would have virtually no effect on the fiber diameter. In the case of core-shell fibers, the shell
solution is in contact with the surrounding atmosphere and it is assumed that water uptake occurs
mainly by this solution. The PCL present in the shell solution used in this study is a highly
hydrophobic polymer, but the TFE used as a solvent is miscible with water. Due to the
hydrophobic polymer being used, it would be expected that the presence of water would cause
the PCL to precipate out of solution, resulting in faster drying fibers. However, as the fiber
diameter decreases with RH, this is not the case. From this observation, it becomes clear that
the overall hydrophilicity of the polymer-solvent system is what determines the effect of RH. In
the case of the PCL-TFE system utilized in this study, the hydrophilic TFE causes the uptake of
water by the system. On the other hand, it can be expected that humidity would have a greater
effect on fiber diameter if a hydrophilic polymer was utilized.

Tripatanasuwan et al. [51] and Huang et al. [52] also studied the effect of humidity on fiber
diameter for electrospun solid PEO dissolved in water and poly(acrylonitrile) (PAN) dissolved in
N,N-dimethylyformamide (DMF), respectively. Taking the data on fiber diameter and humidity
gathered in this experiment, and comparing to the data presented by Tripatanasuwan et al. [51]
and Huang et al. [52] in the literature, the plot in Figure 31 was generated. It can be seen that
both the PCL-PEG fibers created in this study and the PEO fibers created by Tripatanasuwan et
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al. [51] follow the general trend of decreasing humidity resulting in increased fiber diameters
established in the literature, however humidity appears to have a less significant effect on the
PEO fibers as established by the low slope of the fitting line. This reduced effect of RH is due to
the fact that water is used as the solvent for the PEO fibers and changes in RH would alter only
the vapor pressure and the rate at which the fibers dry, with very little uptake of atmospheric
moisture occurring. On the other hand, the PAN fibers created by Huang et al. [52] do not follow
this trend and show a decrease in fiber diameter with a decrease in humidity. These PAN fibers
are created from a PAN-DMF solution, with DMF being a hygroscopic solvent. The increase in
fiber diameter with an increase in RH indicates that the PAN-DMF system is highly hydrophobic,
much more-so than a PCL-TFE system, causing the PAN to precipitate out of solution and solidify
into fibers quickly in the presence of atmospheric moisture. The comparison of these three data
sets simply highlights that the effect of RH on the fiber diameter is dependent on how hydrophilic
the polymer-solvent system is overall, and not as a result of just the polymer or solvent alone. In
addition, these data sets give some perspective on how greatly the humidity effect on fiber
diameter is dependent on thermodynamic parameters such as hydrophobicity and gives some
insight into why mathematical modeling of electrospinning is so difficult.
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Figure 31: Effect of humidity on fiber diameter from literature data

The different fiber morphologies seen during this study can also be attributed to the same effects
that dictate the change in fiber diameter. At high RH values, due to the uptake of water by the
shell solution, the fibers deposited on the collector plate have not completely dried, allowing the
fibers to fuse [50]. At 40% RH in this study, minor fusing of the fibers was seen at contact points,
but the fibers remained free-standing otherwise. This indicates that the upper humidity limit for
electrospinning of PCL-PEG fibers lies above 40% RH, a point at which distinct fibers would not
be present. Much like the trend seen with fiber diameter and humidity, the hydrophilicity of the
polymer being utilized is what would affect degree of fiber fusion that occurs. At 20% RH, it is
noted that ribbon fibers being appearing on the electrospun scaffold. Li et al. [83] determined that
the use of a high vapor pressure solvent in the core solution induces a formation of a vacuum
within the core, causing the structure to collapse and form flat ribbon fibers. In this study, an 85%
ethanol-water mixture is used as the solvent for the core solution with a vapor pressure of 4.55
kPa as calculated by Raoult’s Law. This water-ethanol mixture has a vapor pressure which is
much lower than that of the chloroform used in the study by Li et al. [83] , indicating that fiber
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collapse should not be occurring. However, as the RH decreases and the amount of moisture in
the air is reduced, the evaporation of water becomes greatly favored by the system. At
extremely low RH values, this translates to the water evaporating from the core solution at a rate
comparable to that of a high vapor pressure solvent such as chloroform. The rapid evaporation of
water from the core, replicates the process by which core collapse occurs as described by Li et
al. [83].

4.3.2

TEM Imagining

When imaging the intact fibers under TEM, it was possible to identify the presence of the core
polymer within a sheath of the shell polymer by sharp boundaries within the fibers. These sharp
boundaries reflect the difference between the core and shell materials ability for electron
transmission. In this case, the PEG appears dark and the PCL appears light due to the electron
transmission properties of the polymers. The PCL used in this work has a much higher molecular
weight than the PEG used, this difference in molecular weight essentially alters the density of the
polymers and results in a greater electron transmission and therefore lighter color for the PEG. It
is important to note that the core is not always perfectly concentric with the shell and cases of
non-uniform core distribution are apparent. This is most likely a symptom of the violent bending
instability the fiber undergoes for deposition on the collector. Core-shell structures were visible
at all RH values tested (Figure 32), however not every single fiber was core-shell and some solid
PCL fibers were present (Figure 33). This indicates that the coaxial electrospinning process
does not consistently produce core-shell fibers, and that the formation of core-shell fibers is not
humidity dependent since core-shell and solid fibers are seen at all RH values. In addition, not
every fiber present could be identified as core shell due to the inherent limitations of TEM
imaging, with many fibers were simply being too large in diameter for electron transmission to
occur rendering it impossible to determine the internal structure.
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Figure 32: TEM images showing core-shell fibers at A) 40% RH B) 30% RH C) 25% RH D) 20% RH
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Figure 33: TEM images showing solid fibers at A) 40% RH B) 30% RH C) 25% RH D) 20% RH

In addition to the regular concentric core-shell fibers and solid fibers, fibers in which the core
shifted close to the surface were seen at all RH values (Figure 34). This shift in position of the
core gives the fibers a split appearance, with PCL on one side and PEG on the other and is
possibly caused by the violent bending instability the fibers undergo before they have completely
dried. The shifting of the core also does not appear to be humidity dependent as this
phenomenon was present at all RH values.
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Figure 34: TEM images showing split fibers at A) 40% RH B) 30% RH C) 25% RH D) 20% RH

4.3.3

Ultramicrotoming

While the TEM images are useful for confirming the core-shell nature of the fibers, it does not
provide a great deal of information regarding the structure of the core in the core-shell fibers. In
order to obtain this information, imaging of ultramicrotome fiber cross sections was carried out.
The ultramicrotome generated fiber cross sections 70 nm in thickness, allowing for imaging using
TEM. Much like the TEM images of the solid fibers, the two polymers can be distinguished by
their relative brightness due to electron transmission. When looking at the cross sectional images
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under TEM, PEG appears light and PCL appears dark. An ideal core-shell fiber, therefore, would
consist of a light core within a dark shell.

The cross section of fibers electrospun at 40% RH (Figure 35) depicts fibers with three distinct
morphologies; solid PCL, ideal core-shell, and reverse contrast. Fibers that possess the reverse
contrast morphology show a light shell nearly surrounding a dark core. It may be that these are
not actually fibers with the two polymers reversed, but a result of core migration towards the fiber
edge and a cross section of the split fibers seen in the previous section.

Of interest is the relative amount of ideal core-shell fibers and solid PCL fibers. The solid PCL
fibers are distinguished by a lack of any light material within or around the dark PCL regions and
appear to comprise a large fraction of the electrospun fibers. Whereas the ideal light within dark
morphology indicative of the ideal core-shell fibers make up only a small fraction of the fibers
seen in Figure 35. It is plausible that this less than desirable distribution of core-shell fibers
within solid fibers is a direct result of the high RH value’s effect on solvent evaporation rate, and
subsequent alteration of the Taylor cone.
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Figure 35: Ultramicrotome of 40% RH Fibers. Red arrows indicate solid PCL, blue indicates ideal core-shell, and
black indicates reverse contrast

In comparison, the fibers electrospun at 30% RH show a much larger proportion of ideal coreshell fibers relative to solid PCL fibers (Figure 36). At the lower RH value of 30%, there would be
an increased solvent evaporation rate, and therefore the polymer solution on the Taylor cone will
become more viscous much quicker, compared to 40% RH. This increased viscosity would then
exert a larger viscous drag force on the core solution in the Taylor cone, causing more a more
consistent pulling of core solution and resulting in more core-shell fibers.
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Figure 36: Ultramicrotome cross section of fibers at 30% RH. Red arrows indicate core-shell fibers

At the lower end of the RH values tested (25-20% RH), the core-shell morphology is seen
becoming much more erratic. At 25% RH, the appearance of fibers containing a light ring of PEG
within the PCL are seen (Figure 37) along with regular core-shell and solid fibers. This ring
structure formed by the PEG could be indicative of the fibers undergoing the process of collapse
as described by Rodoplu et al. [31]. This ring of PEG becomes even more pronounced at 20%
RH, which can be seen in Figure 38B as a much thicker and brighter ring than seen at 25% RH.
In addition to the more pronounced ring, flatter, more ribbon like fibers are seen (Figure 38A) due
to the presence of collapsed fibers (Figure 28).
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Figure 37: Cross section of 25% RH fibers showing ring morphologies. Red arrows indicate ring fibers, black
indicate core-shell

A

B

Figure 38: Cross section of 20% RH fibers. Red arrows indicate collapsed fibers, black indicate ring structures

From these images, it can be concluded that humidity affects the internal structure of the coreshell fibers, but it is unclear whether this is caused by the change in the drying time of the fibers
as a result of water absorption. As humidity initially decreases, an increase in the proportion of
core-shell fibers is seen. This trend does not follow a predictable pattern, as at 25% RH, an
unusual ring structure composed of PEG is seen within the fibers (Figure 37 & Figure 38). One
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possible explanation is that this ring structure is formed as a precursor to fiber collapse which
occurs at lower RH values. Moghe et al. [66] reported that when there is rapid evaporation within
the core, a thin solid layer of the core solution forms at the interface between the core and shell
solutions. The ring structure present in fibers spun at 25 and 20%RH may be evidence of this
process, as it is composed of PEG, which is the core polymer, and forms a border between the
shell and core regions. However, the area contained by this ring does not appear to be
composed of core material as it does not possess the light color indicative of PEG. In fact, this
region is lighter than the surrounding PCL shell, but darker than the surrounding ring of PEG.
This may indicate that the core of the fibers within this ring is actually composed of a mixture of
the two phases. As fiber collapse is attributed to the formation of a vacuum within the fiber itself,
it stands to reason that the drying rate of the fiber would have to be excessively fast in order for
vacuum formation to occur. For the fibers spun at 25 and 20%RH it may be possible that drying
rate was fast enough to form the solid ring of core solution, but the subsequent drying of the inner
core was not fast enough to form a vacuum capable of collapsing the fiber, instead encouraging
some form of back mixing between the core and shell phases. However, due to the complexity of
the interactions that occur within the Taylor cone and between the two polymer phases during
electrospinning, it is extremely difficult to determine if this phenomenon is the case and what the
exact cause of this unique fiber morphology is without further study.

4.3.4

Laser Scanning Confocal Microscopy

As the purpose of core-shell fibers is to encapsulate a bioactive molecule for controlled release, it
is important to investigate the distribution of the core within any given fibrous mat. In order to do
this, FITC-BSA complex was added to the core solution as a model protein and it was observed
using LSCM to study the fluorescence of the FITC. This was done using a combination of a 488
nm excitation laser and differential interference contrast (DIC) microscopy in order to overlay the
fluorescence signal on an image of the nanofibers. A negative control of PCL-PEG fibers
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containing no FITC-BSA was used when generating these images to ensure that the imaging
conditions were not generating a false signal.

The confocal images of fibers spun at 40% RH (Figure 39) show that there is a very poor
distribution of FITC-BSA complex throughout the fibers. This is a less than desirable trait when it
comes to core-shell fibers as there should be a continuous distribution of the encapsulated
bioactive agent to ensure proper delivery. This discontinuous distribution of FITC-BSA meshes
well with the results of the TEM cross sectional images; that is to say the high proportion of solid
PCL fibers seen in the cross section is a result of the core not properly distributed throughout the
fibers.

Figure 39: Confocal-DIC images of fibers spun at 40% RH

As the RH is decreased from 40% to 30%, the distribution of FITC-BSA within the fibers appears
to become much more continuous (Figure 40). Indeed, there still appears to be “hot-spots” which
contain a large concentration of FITC-BSA relative to other sections of the fibers; however it may
be possible to remedy this through process parameter optimization. The presence of a much
more continuous core also helps to explain why the cross-section of the 30%RH fibers show
many more fibers with an ideal core-shell morphology.
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Figure 40: Confocal-DIC images of fibers spun at 30% RH

The difference in FITC-BSA distribution between 40% and 30% RH indicates the possibility that
humidity can affect how the core solution is distributed within the shell solution. In fact, as the
humidity is decreased even further to 25% RH, an even more continuous core distribution is seen
in the fibers (Figure 41A). However, this distribution is highly localized (Figure 41B) with distinct
FITC-containing regions, and FITC-deficient regions throughout the fibrous mat. This localization
becomes even more apparent at 20% RH (Figure 42A). In addition, at 20% RH, fibers which
contain an incredibly discontinuous core begin to appear (Figure 42B). Due to the highly complex
nature of the core-shell Taylor cone, it is unclear if this core morphology is due to fiber collapse or
excessively high viscous dragging on the core due to increased shell viscosity from the rapid
solvent evaporation rate.
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Figure 41: Highly localized FITC-BSA distribution at 25% RH
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Figure 42: Confocal-DIC images of fibers electrospun at 20% RH

From these LSCM images, it appears that the distribution of core solution within the fibers
changes with humidity. This can also be interpreted as the proportion of core-shell fibers to solid
PCL fibers. From both LSCM and TEM cross sectional images of the fibers at 40% RH it was
noted that the electrospun fibers appeared to be mainly solid PCL fibers, due to the absence of
core in shell morphology (Figure 35) and the poor distribution of FITC-BSA throughout the fibers
(Figure 39). As the proportion of core-shell fibers appeared to increase and the distribution of

75

FITC-BSA throughout the fibers became much more continuous with decreasing humidity, it is
possible that this is also a consequence of the changes in fiber drying time that occur with
changes in relative humidity. At high RH values, the absorption of water by the polymer solution
occurs, depending on the hydrophilicty of the solution. In addition, it is known that the core-shell
fiber forming process is driven mainly by the shell solution exerting a viscous drag on the core
solution, with success hinging entirely on the relative viscosities of the two solutions. If the
viscosity of the shell solution is too low, then the viscous force exerted on the core will not be able
to overcome the interfacial surface tension [70]. Altering the rate at which the polymer dries will
also alter the viscosity of the solution at any given point. In this case, a slower drying rate
translates to a lower viscosity throughout the entirety of the charged jet.

In the instance of elevated RH values, such as tested here, this lower viscosity may not provide
enough viscous force to overcome the interfacial surface tension, resulting in mainly solid PCL
fibers being electrospun and a highly discontinuous distribution of core solution throughout the
fibers as seen in fibers spun at 40% RH (Figure 35). Following this trend, at RH values above
40%, it is expected that core-shell fiber formation will become relatively nonexistent. On the other
hand, a decrease in RH values increases the drying rate and therefore increases viscosity
throughout the Taylor cone and charged jet. This causes a larger viscous drag force to be exerted
on the core, overcoming the interfacial surface tension and encouraging core-shell fiber
formation. At 30% RH, this translates to a continuous distribution of core solution throughout the
fibers (Figure 40), resulting in a high proportion of core-shell fibers (Figure 36). As RH values are
decreased to 25 and 20% RH, the drying rate is further increased, resulting in a greater viscosity
throughout the entire system and a much larger viscous drag force exerted by the shell. The
fibers electrospun at 25% RH had a much more uniform and continuous distribution of core
solution (Figure 41), however it was extremely localized within the fibrous mat. It is plausible that
at this low humidity, the viscous farce exerted on the core by the shell solution is so great, that it
pulls core solution faster than the polymer feed rate. This leads to a depletion of core solution
within the Taylor cone and the formation of solid PCL fibers. When more core solution is
delivered to the Taylor cone, it is again depleted by a brief period of core-shell fiber production.
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In the case of the PCL-PEG fibers, it appears that a balance between humidity and this change in
viscous force is achieved at 30%RH, as a much more uniform distribution of core solution within
the fibers is seen. However, it is difficult to fully attribute this localization of core solution to the
effect of RH on the Taylor cone, as the cone itself is much larger than the fibers it produces,
meaning that the cone will not be affected by changes in RH in the same manner as the fibers.

These characterization studies show that humidity does have an effect on the core-shell
morphology via its influence on solvent evaporation rate. Whether the effect is ribbon fibers
resulting from fiber collapse, the relative proportion of solid fibers to core-shell fibers, or the
distribution of the core within the shell, it is clear that there is an ideal humidity at which to carry
out coaxial electrospinning. This ideal humidity would be entirely material specific due to the
differences in hdrophilicity of the polymers and the different vapor pressures of the solvents used.
However, for PCL-PEG nanofibers it appears that the ideal humidity lies within the range of 30%25%RH as this gives a large proportion of core-shell fibers, a good distribution of core solution,
and prevents fiber collapse.

4.4

Aligned Fibrous Mats

4.4.1

Selection of Mandrel Speed

It was determined that the best humidity for the production of PCL-PEG nanofibers lies within the
range of 30%-25%RH, and as such the humidity was maintained at approximately 30%RH for all
future coaxial electrospinning experiments including the creation of aligned fibrous mats. Before
the creation of a dual layer scaffold could be carried out, it was important to first optimize the
production of a single layer. This included a study of the mandrel rotation speed on the fiber
morphology, diameter, and electrospinning process. It has previously been shown that rotation
speed directly affects the degree of fiber alignment [97], and this result is expected.

Aligned fibers were collected at mandrel rotation speeds of 7400, 6500, and 5600 RPM and the
degree of alignment compared using 2D FFT, with a random scaffold used as a control. Figure
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43 shows the fibers aligned using the various mandrel speeds and the resulting 2D FFT spectrum
and plot. It was expected that the fibers spun at the highest speed of 7400 RPM would be the
most aligned fibers, however the results of the 2D FFT analysis show that the fibers spun at 7400
RPM (Figure 43A) are less aligned than the fibers spun at 6500 RPM (Figure 43B). When
compared with the plot generated by the fibers spun at 6500 RPM, the 7400 RPM plot shows a
relatively broad peak and the presence of shoulder peaks, both of which are caused by a greater
degree disorder. A decrease in mandrel speed from 6500 RPM to 5600 RPM generates the
expected trend of a decrease in fiber alignment, with the 5600 RPM plot (Figure 43C) not
showing the single, distinct peak seen at 6500 RPM and more closely resembling the plot
generate by random fibers (Figure 43D). It was noted during the electrospinning of fibers at 7400
RPM that the extreme speed of the mandrel was generating a large deal of air motion around the
mandrel. The loss of alignment can be attributed to this excessive air motion acting on the
smaller diameter fibers and causing them to be blown upwards before settling on and around the
collector. Indeed, previous work in the laboratory showed that the air velocity surrounding the
electrospinning set-up can be considered an environmental parameter and does affect the
deposition of fibers [57]. As such, 6500 RPM was selected for the electrospinning of aligned
core-shell fibers as it produced fibers with the greatest deal of alignment.
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Figure 43: FFT of fibers spun at A) 7400 RPM B) 6500 RPM C) 5600 RPM D) 0 RPM. The images on the far right
are graphical plots of the data obtained from the FFT spectra in the central images. It can be seen that as
mandrel rotation speed decreases, the plots which are generated possess more signal peaks, indicating a
smaller degree of orientation.
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4.4.2

Characterization of Aligned Core-Shell Fibers

Once the mandrel speed had been selected, single layer aligned fibrous mats were collected in
order to confirm the core-shell structure persisted during fiber alignment. This was done using
LSCM in order to image the FITC-BSA model protein and SEM imaging to collect data on the
fiber diameter.

Much like the unaligned fibers, the aligned fibers produced a diameter distribution with an
average fiber diameter of 313 nm (Figure 44). It was expected that the process of aligning the
fibers would have a drawing effect on the fibers, reducing the diameter. However, comparing the
unaligned and aligned average diameters of 325 nm and 313 nm respectively indicated no such
effect. It also appeared that the process of alignment did not negatively impact the core-shell
structure of the fibers, as the fibrous mats were successfully imaged using LSCM (Figure 45).

Figure 44: Diameter distribution of fibers aligned at 6500 RPM
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Figure 45: LSCM of aligned fibrous scaffold

4.4.1

Comparison of Aligned Solid and Core-Shell Fibers

In the process of optimizing the rotating mandrel mechanism for aligning the fibers, solid PCL
fibers were electrospun prior to coaxial electrospinning. A qualitative comparison of the two types
of fibers (Figure 46) shows that the solid PCL fibers possess a much more desirable morphology
than the core-shell fibers. That is, the solid PCL fibers are essentially bead-free, while the coreshell fibers show a small degree of beading. In an effort to maintain the process parameters as
identical as possible, the solid PCL fibers were spun using the same polymer feed rate as the
PCL shell in the core-shell fibers. This means that the solid fibers were spun using a feed rate of
0.18 mL/h, with the core-shell fibers utilizing feed rates of 0.18 mL/h and 0.06 mL/h for the shell
and core respectively. This translates to a slightly overall feed rate for the core-shell fibers, .186
mL/h as opposed to 0.18 mL/h used for the solid PCL. It is known that bead free fibers are
formed through a balance of polymer feed rate and applied voltage. If the voltage is too low or
the feed rate too high, bead formation will be seen. It is apparent then, that the slightly higher
feed rate used for the coaxial fibers tips this balance and causes the beading of fibers. In order to
reduce the beading of the coaxial fibers, the applied voltage would have to be increased.
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However, this is difficult with the polymer and equipment used as at 25 kV electrospraying and
arcing at the voltage supply terminals occurred. Another method would be to decrease the feed
rate used for the core-shell fibers while maintaining the 1:3 ratio of core feed rate to shell feed
rate, but further experimentation would be required.

Figure 46: Left) Aligned PCL fibers. Right) Aligned core-shell fibers

4.5

Creation of Dual Layer Aligned Fibers

4.5.1

Characterization of Dual Layer Scaffold

Using the optimized conditions for electrospinning of core-shell nanofibers, a humidity of 30% RH,
and a mandrel rotation speed of 6500 RPM, a dual layer scaffold was successfully created. The
structure of the scaffold was characterized using SEM and LSCM in order to confirm that the two
layers were orthogonal and that the fibers contained FITC-BSA.

The SEM images of the scaffold clearly show a dual layer structure with the two layers lying
orthogonal to one another; however it was difficult to obtain detailed images of the lower layer as
it was obscured by the upper layer and it was difficult to remove the scaffold from the substrate
intact in order to image the bottom layer (Figure 48). Statistical analysis of the fiber diameter for
both layers yielded an average fiber diameter of 326 nm and a diameter distribution seen in
Figure 47.
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Figure 47: Diameter distribution of dual layer fibrous scaffold

Figure 48: SEM images showing the dual layer structure of the scaffold. Left) 500x Magnification. Right) 3000x
magnification.

LSCM imaging of the scaffold was used to confirm the core-shell structure as well as determine
the scaffold thickness (Figure 49). The thickness could be determined by obtaining Z-stack
images of the scaffold, giving an approximate scaffold thickness of 45 microns (Figure 50). In
addition, fluorescence was seen which indicates that core-shell fibers are present. However the
fluorescence signal was incredibly weak due to the large time requirement of electrospinning this
scaffold, during which exposure to light was unavoidable and caused bleaching of the FITC
molecule.
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Figure 49: LSCM images showing the dual layer scaffold structure

Figure 50: Z-Stack image of the dual layer scaffold
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4.5.2

Comparison to Rat Tympanic Membrane

In order to determine how well the electrospun scaffold compares to the natural TM, SEM images
of both structures were analyzed via 2D FFT. The resulting plots give a good comparison of the
degree of alignment as well as the relative position of the two layers in the double layer structure
(Figure 51). The exact angle at which each peak lies is not relevant, as this number can be
shifted simply by rotating the image before performing 2D FFT analysis, it is more important to
consider the relative angles of the peaks. Both the tympanic membrane and the electrospun
o

scaffold possessed two distinct peaks offset by 90 , which is indicative of the orthogonal
relationship between the two layers. In addition, it was seen that the electrospun scaffold
possess a greater degree of alignment than the TM, as evidenced by the higher intensity and
narrower peak on the FFT plot of the electrospun scaffold (Figure 52).

Upon further inspection of the TM, the presence of random fibers overlaid on the dual layer
structure was noted, possibly for providing the tissue with greater mechanical support. It is these
random fibers that contribute to the lower peak height and peak widening seen in the 2D FFT
analysis of the TM (Figure 52). By selecting the rotational speed for the highest degree of
alignment, the structure of the TM was not as accurately mimicked as it should be. However, it is
a trivial matter to bring the alignment of the scaffold more in line with the TM simply by optimizing
at a lower rotational speed. In addition to the structure of the electrospun fibrous mat, the
thickness was measuring using LSCM and was found to be approximately 45 μm. In comparison,
the thickness of the dried Wistar rat eardrums used for determination of the TM structure was
approximately 10 μm, and the thickness of the human ear drum ranges anywhere between 40120 μm [9].
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Figure 51: FFT plots of A) the TM B) electrospun scaffold

Figure 52: Comparison of TM and electrospun scaffold FFT plots
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5

Summary and Conclusions

Coaxial electrospinning is a versatile branch of electrospinning that allows for the encapsulation
of bioactive agents within nanofibers. While much research has gone into investigating the
effects of the electrospinning parameters on fiber morphology, there is a notable absence of
investigation into the effects of environmental parameters on core-shell fibers. In this study, PCLPEG core-shell fibers containing FITC-BSA were successfully electrospun, and a study of how
humidity affects not only the morphology, but the core-shell structure was carried out. In order to
perform this study, a humidity control system was developed utilizing nitrogen to control the
humidity within the chamber containing the electrospinning apparatus. The fibers were
electrospun at RH values of 40, 30, 25, and 20% RH and characterized using SEM,
ultramicrotoming, TEM, and LSCM.

It was found that humidity affects the core-shell structure by altering how quickly the fibers dry as
they travel between the needle and collector electrode. The fiber diameter increases with
decreasing humidity, an effect seen with solid fibers. At high RH values, the fibers take a longer
time to dry resulting in fiber fusion when deposited. There also appears to be a higher proportion
of solid PCL fibers to core-shell fibers, as well as a highly discontinuous distribution of the core
material within the fibers. As RH decreases, the proportion of core-shell fibers increases and
due to a faster drying rate, the amount of fiber fusion is reduced. At low RH values, the drying
rate is enhanced which leads to difficulties electrospinning fibers, the collapse of the core-shell
structure causing ribbon fibers to be produced, and the development of a ring-like structure within
the fibers was seen. In addition, as RH decreases, the distribution of core material within the
fibers becomes much more continuous but eventually develops into localized regions of coreshell fibers and solid PCL fibers. It was determined that there exists a material-specific ideal
humidity for the electrospinning of core-shell fibers, at which core-shell fiber formation is
promoted and solid fiber production is reduced. For PCL-PEG fibers this ideal humidity lies within
the 30-25% RH range.
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The PCL-PEG core-shell fibers were then fashioned into a biomimetic scaffold for tissue
engineering of TM. Currently available materials used in myringoplasty do not provide complete
hearing restoration and tissue engineering alternatives are being investigated. The scaffold was
made using a rotating mandrel at 6500 RPM in order to create a structure resembling that seen in
the TM of Wistar rats. The SEM images of the TM previously taken in the lab indicated that the
TM is composed to two collagen fibrous layers, one with fiber organized circumferentially and the
other organized radially. These two layers create a locally orthogonal structure which was
mimicked when creating the scaffold. Comparing the structure of the TM and the electrospun
scaffold using 2D FFT yielded that the two constructs possessed the same structure, with two
fibrous layers running perpendicular to one another. However, the electrospun scaffold
possessed a greater degree of alignment than the TM, an aspect which is easily modifiable
through further optimization of the rotating mandrel speed to produce less aligned fibers.
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6

Future Work

This study successfully determined that there is an ideal humidity for the coaxial electrospinning
of PCL-PEG core-shell fibers. A scaffold for the tissue engineering of the tympanic membrane
was then fashioned using a rotating mandrel electrode, and the structure compared to the
structure of the TM. This study showed that the electrospun scaffold had a higher degree of
alignment than the TM itself, it is possible to reduce this alignment through further optimization of
the mandrel rotation speed to bring the two more in line with each other.

Once the mandrel rotation speed has been optimized to reduce the alignment of the fibers,
bringing it more in line with the alignment of the TM, it may be possible to begin performing in vivo
testing using a small animal scale model. It may not be necessary to seed cells onto the scaffold
as the TM has a very low cell density and the scaffold may be able to recruit cell from the
surrounding area. Typically used small animal models for TM healing are chinchilla, rats and
guinea pigs. When performing these small animal studies, the model protein within the fibers will
be replaced with epidermal growth factor, as this has been shown to speed the healing of the TM
in a rat moel

The next steps would be to extend the findings how humidity affects core-shell fibers to collagenPEG core-shell fibers. As the TM is composed of collagen, it would be beneficial to have the
scaffold composed of collagen as well. Utilizing the humidity control system, the characterization
methods carried out in this study would then be performed on the collagen-PEG fibers. In
addition to this, the implementation of temperature control in the humidity control system would
be beneficial for future studies, as well as enable the study of how temperature affects the coaxial
electrospinning process and the core-shell structure. A similar study to this one would be carried
o

out, utilizing temperatures within 5 C of ambient, as exceeding this limit would most likely cause
difficulties with the electrospinning. If the solution became too viscous, the capillary needle would
have a greater risk of clogging and if the solution was not viscous enough, eletrospraying would
occur instead of electrospinning.
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This study focused exclusively on the structure of the electrospun fibers and while the structure of
the scaffold plays a critical role in dictating cell growth and proliferation, cell compatibility and the
mechanical properties of the scaffold are also critical design criteria. It is important to know how
the encapsulation of growth factors within the fibers affects cell growth and whether or not it
provides the cells with incentive to proliferate throughout the scaffold, not just on the surface. In
combination with this, release kinetics of a growth factor from these fibers should be studied to
ensure continuous release and avoid an initial burst release. This will also establish the cell
compatibility of the scaffold, although it is anticipated that a collagen version of this scaffold would
not have any cell compatibility issues. Lastly, the mechanical properties of this scaffold should be
tested and compared with that of natural TM tissue to determine how well the properties of the
scaffold measure up to that of the TM using techniques such as vibratrometry and obtaining the
stress-strain data.
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Appendix A: Dry Box Protocol
Before using glove box please ensure that the vent valve and ante-chamber ports are all properly
closed. Please do not leave utensils or chemicals sitting in the glove box, remove everything you
have used when you are finished.

Reducing Humidity
1. Ensure that the lines for bubbling nitrogen are closed and the line leading directly to the
glove box from the nitrogen cylinder is fully opened
2. Turn humidity monitor ON
3. Leave vacuum valve closed, but turn vacuum pump on. You will hear it pump down
4. Open vacuum valve (turn to the left) slightly, do not open fully. The pressure in the glove
box will begin to decrease and go into the negative. Do not let the vacuum pressure
exceed -5 inH2O (as indicated on pressure gauges)
5. Once the box has been sufficiently pumped down, close vacuum valve fully
6. Open nitrogen cylinder by first opening the large valve, turn nitrogen flow ON by
rotating regulator valve to the RIGHT. Nitrogen lines are not meant for high pressure
flow, only open regulator valve until you hear faint hissing from the nitrogen flow
7. Dry box will begin to fill with dry nitrogen gas; do not let pressure exceed 5 inH2O. You
will see the humidity begin to decrease
8. Once the box has been pressurized, turn OFF regulator valve by rotating to the LEFT
9. Repeat steps 4 through 8 as needed.
10. When you have finished your experiments please put the dry box through three more
cycles in order to flush out any harmful vapors
11. Ensure that you leave the pressure in the glove box at approximately atmospheric
12. Open vent valve leading from dry box to fume hood
13. You are now free to remove any materials or utensils you have used in your experiments
via the ante-chamber
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Increasing Humidity
To increase the humidity in the glove box, follow the same procedure for decreasing the humidity.
However, the valves leading to and from the nitrogen bubbler should be fully opened, while the
line leading directly from the nitrogen cylinder to the dry box should be closed. In addition, you
will have to carefully monitor the flow rate of nitrogen passing through the bubbler. If the flow rate
is too high, it will cause water to be forced through the lines and sprayed out into the dry box.

Notes


The humidity in the glove box will not decrease past 10% RH



If you are switching the electrodes for electrospinning, detach electrode from the barrier
block on the left hand side of the dry box. Each electrode should have its own high
voltage wire which can be connected to the barrier block. To detach the electrodes, you
will have to remove the gloves from the box; this can be done by loosening the gear
clamps holding the glove in place. Ensure that you put these clamps back on when you
are done



The glove box can be used to handle materials that are hygroscopic and will absorb
water from the atmosphere

To Fumehood
Nitrogen Cylinder
Pressure & Vacuum
Gauges

Vent Valve

P

Dry Box
Vacuum Pump
Bubbler
Figure 53: Dry Box Schematic
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Appendix B: SEM Images
The images included in this appendix were utilized for the determination of average fiber diameter
and statistical analysis.
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Appendix C: Confocal Images
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